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1.1 Composition of dental 
enamel 
Dental enamel contains about 
87 volume percent mineral, 1.5 
volume percent organic material 
and 11.5 volume percent water 
(Arends and Ten Cate, 1981) . The 
tooth components are ordered in 
crystallites. These crystallites 
are bundled in prisms, which 
have a diameter of 4-5 μιη and 
are ordered nearly perpendicular 
to the tooth surface. The con­
tact region between adjacent 
prisms is called the inter-
prismatic space. This region 
has an average width of about 
0.1 Mm. 
The main components of the mi­
neral phase are Ca, P0 4 and 
C03. Na, Mg, Cl, К and F oc­
cur to a less extent (Dries-
sens, 1982a). The composition 
of the enamel mineral differs 
within teeth (Weatherall et 
al., 1974). Chemical analyses 
learned that the Na-, C03- and 
Mg-contents within teeth in­
crease from the enamel surface 
towards the enamel-dentine 
junction (figure 1.1). For CI 
and F an opposite gradient (a 
decrease from the surface in­
wards) was found (Brudevold et 
al., I960; Barbakow et al., 
Fig. 1.1 Qualitative form 
of the gradients for the 
contents of C03, Na, Mg, 
Cl and F as a function of 
depth in human tooth 
enamel between tooth sur­
face and dentin, enamel 
junction. 
( Taken from Drlessens, 






1977; Frosteil et al., 1977; 
Shaw and Yen, 1972; Söremark and 
Стфп, 1966). 
The two main components of 
enamel, Ca and P04, form a 
structure related to hydroxy-
apatite (ОНА), 
Cai0<PO4>6<OH>2· 
However, this calcium phase is 
not pure, but is contaminated 
with other ions, as mentioned 
above. It is hypothesized by 
Driessens (1980, 1982c, 1986a) 
and by Driessens and Verbeeck 
(1982) that after eruption, 
sound tooth enamel may contain 
three phases, namely a sodium-




N a l . 5 < P 0 4 > 4 . 5 < C 0 3 > 2 . 5 ' 
dolomite (DOL), 
СаМд(СОз)2 
and a slightly carbonated hy-
droxyapatite (SCOHA), 
са 9. 5(нро 4) 0 5 ( P O 4 ) 5 > 5 ( O H ) 1 < 0 9 -
F 0 . 0 1 C 1 0 . 1 < C ° 3 > 0 . 1 5 · 
The relative solubility of NCCA 
and DOL is shown in figure 1.2. 
The solubility behavior of SCOHA 
is expected to be between that 
of NCCA and DOL and that of pure 
ОНА. From figure 1.2 it can be 
seen that NCCA and DOL are 
soluble at decreasing pH's. 
Therefore, soon after eruption, 
NCCA and DOL dissolve under 
(slightly) acidic conditions and 
vanish from the surface layer 
of tooth enamel. The third pha­
se, SCOHA, will transform into 
(F)OHA (Chow and Brown, 1973; 
Driessens, 1986b). The occur­
rence of these pathways is in 
agreement with the gradients 
of Na, C03, Mg and F (figure 
1.1) . 
Tooth enamel of erupted teeth 
is thought to contain (F)OHA 
in the surface layer and NCCA, 
DOL and SCOHA in the deeper la­
yers (Verbeeck et al., 1985). 
1.2 Caries 
Tooth enamel is able to 
resist mechanical forces, but 
under the influence of acids 
the tooth minerals can be dis­
solved (section 1.1). The 
occurrence of dental caries 
and its relation with acid 
production by microorganisms 
from carbohydrates (sugar) was 
already postulated one hundred 
years ago (Miller, 1890) . 
Stephan (194 0) showed that the 
acids produced by bacteria in 
the plague resulted in a rapid 
pH decrease to about pH 4.5. 
Other studies have shown that 
the sort and amount of acids 
produced by microorganisms, the 
observed pH-decrease and the 









Fig. 1.2. Negative logarithm of the ionic product of hydroxy-
apatite ОНА vs. pH for several calcium phosphates. DCPD = dicalcium 
phosphate dihydrate, OCP = octacalcium phosphate, DOL = dolomite, 
NCCA = sodium- and carbonate containing apatite, DOHA = defective 
hydroxyapatite. Dashed lines represent рІ
онд
-рН variations due to 
acidifying saliva calculated theoretically for two extreme sali­
va compositions. Experimental points were measured by Lagerlöf 
for a pooled sample. 
depend on several factors 
(Kleinberg and Jenkins, 1964; 
Schachtele and Jensen, 1982; 
Edgar et al., 1986). E.g. the 
bacterial composition (Geddes, 
1975; Clarkson et al., 1987), 
frequency of food consumption, 
the sort of substrate (Neff, 
1967; Jensen and Schachtele, 
1983) , the composition of plaque 
and saliva (as plaque is in 
contact with saliva; in par-
ticular to calcium-, phosphate-
and fluoride-concentration and 
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buffering capacity), and the 
flow rate of saliva (McCann, 
1968; Gr0n, 1973a, b, c; Jenkins 
and Hargreaves, 1989). 
In figure 1.2 the location 
of human saliva in the solu­
bility product diagram for 
calcium posphates is shown. It 
is clear from this figure that 
at lowering the pH of saliva and 
plaque, the enamel phases NCCA, 
DOL and SCOHA will dissolve. In 
the in vivo situation the dis­
solved mineral will be transpor­
ted to the plaque fluid and some 
reprecipitation of mineral via 
DCPD and (F)OHA may occur. 
However acid penetration will 
continue and a carious lesion 
develops. 
Fortunately, the caries in­
hibiting agent fluoride was 
discovered (Dean, 1938; Brown 
et al., 1977; Ten Cate and 
Duijsters, 1983; LeGeros et 
al., 1983). Its effect is main­
ly thought to be an effect on 
the mineral of the enamel: it 
reduces the rate of dissolution 
of enamel and enhances the 
reprecipitation of dissolved 
mineral by formation of the 
apatite phase, as fluoride ions 
are able to accelerate the 
transformation of DCPD into ОНА 
or (F)OHA (Chow and Brown, 1973; 
Driessens, 1986b). 
Caries is also influenced 
by the possibility of repair 
of the mineral, taking place 
as the pH of saliva increases 
above pH 5.5 (see section 1.3 
Remineralization). Here too, 
fluoride has an effect. 
1.3 Reminera1i zat ion 
As long as no cavitation of 
the enamel occurs, repair of the 
demineralized enamel is theore­
tically possible, and clinically 
observed (Backer Dirks, 1966) . 
The process of repair is called 
remineralization and can be 
defined as re-deposition of 
mineral in the demineralized 
enamel. This mineral is trans­
ported into the lesion from the 
outside of the enamel (Van 
Herpen, 1987). 
Saliva is responsible for 
the in vivo remineralization. 
This was already discovered in 
the early twentieth century 
(Head, 1912) and studied 
afterwards (e.g. Koulourides 
et al., 1965). It is hypothe­
sized by Driessens (1986c) that 
remineralization by saliva 
through the plaque, may occur 
provided that the pH of plaque 
lies between pH 5.5 and 6.8. 
However, in most in vitro 
remineralization studies, the 
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pH of the solution lies between 
pH 6.8 and pH 7.4. In figure 1.2 
it can be seen that within the 
pH 5.5-6.8 region, saliva is 
supersaturated with respect to 
ОНА and can be saturated, i.e. 
in equilibrium, with respect to 
DCPD and OCP. Studies of Сгфп 
(1973c) and McCann (1968) 
support this and show that 
differences in activity pro­
ducts of saliva occur between 
parotid and submandibular saliva 
and between stimulated and res­
ting saliva. The same is found 
for the pH of saliva. These 
observations suggest that within 
a mouth, and between people, 
differences in remineralization 
may occur. 
Fluoride and carbonate in 
saliva and plaque may exert 
their influence on reminera­
lization too. Saliva contains 
0.01-0.08 ppm fluoride (McCann, 
1968). In resting, nearly 
neutral plaque the content of 
ionized fluoride is about 0.1 
ppm fluoride in areas with 
unf luoridated drinking water and 
about 0.6 ppm fluoride in 
fluoridated areas (Jenkins et 
al., 1969) . In a lot of studies 
(Ten Cate and Arends, 1977; 
Mellberg and Mallon, 1984) it 
was found that fluoride may sti­
mulate the rate of reminera­
lization. However, in clinical 
studies, it was found that in 
areas with fluoridation of 
drinking water, the amount of 
remineralized (repaired) white 
spots is smaller than in areas 
with no fluoridation, although 
the number of initial lesions 
was the same in both areas (Pot 
and Groeneveld, 1976; Groene-
veld, 1986). 
Bicarbonate is occurring in 
saliva in mean concentrations 
varying from about 1 to 20 mM 
(McCann, 1968) . Few studies have 
been done to investigate the 
influence of carbonate on 
crystal growth and remineraliza­
tion. Feagin et al. (1969) found 
less crystal growth in the 
presence of carbonate. Feagin 
et al. (1977) reported a stimu­
lating influence of carbonate 
on remineralization. In addi­
tion carbonate reduced the 
fluoride uptake in enamel. 
Ingram (1973) reported an 
inhibiting influence of car­
bonate on dental mineraliza­
tion. 
1.4 Artificial carious le­
sions 
1.4.1 Demineralization 
In order to investigate the 
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mineral content (vol 7. 
Fig. 1.3. Schematic re-
presentation of three 
different demineraliza-
tion types. 
a) surface softening; 
b) subsurface deminera-
lization; 
c) surface "etching". 
S = sound enamel, SL = 
surface layer, BL = 
body of the lesion, 
df = demineralization 
front. 
depth 
process of de- and reroinerali-
zation of dental enamel, 
artificial carious lesions are 
required. 
Naturally, there are three 
types of lesions (Arends and 
Ten Cate, 1981) (figure 1.3): 
1) surface softening. 
2) subsurface deminerali-
zation. 
3) surface "etching". 
An early active lesion, for-
med in vivo, is from type 1 or 
2 (Arends and Christoffersen, 
1986). The formation of these 
lesions can be simulated in situ 
(e.g. under Intra-oral Cario-
genicity Test (ICT) conditions 
(Koulourides and Volker, 1964)) 
or in vitro (chemical systems) . 
The in vitro systems used to 
create caries-like lesions can 
be divided in three groups 
(Theuns, 1987a): 
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1) systems in which unknown 
surface layer preserving com­
pounds are used, e.g. gelatine 
systems (Silverstone, 1968). 
2) systems of known composition 
with a known surface layer 
preserving compound, e.g. 
diphosphonate (MHDP) (Feather-
stone et al., 1978). 
3) systems using a buffer of 
known chemical composition and 
having a defined degree of 
saturation with respect to ОНА. 
Van Dijk et al. (1979) formula­
ted these saturation conditions. 
In the present study, the 
last system is used for crea­
ting artificial caries-like 
lesions. The advantage of this 
calcium, phosphate, and, inmost 
cases, fluoride containing 
buffer system is the defined 
conditions under which artifi­
cial lesions are created. In 
addition these buffers simulate 
the oral demineralization 
conditions better (figure 1.2), 
because they contain calcium and 
phosphate ions, close to the 
conditions existing in the oral 
environment. The important role 
of fluoride on subsurface lesion 
formation in abraded enamel has 
been pointed out by Ten Cate and 
Duijsters (1983). 
1.4.2 Remineralization 
After creating artificial 
caries-like lesions, the pro­
cess of remineralization can 
be studied. This can be done 
in vivo (in situ) (e.g. Gel-
hard, 1982; Creanor et al., 
1986; Mellberg et al., 1986) 
or in vitro (e.g. Ten Cate, 
1979; Boddé, 1983). 
In the present study the 
process of in vitro remine-
ralization was studied by using 
calcium and phosphate containing 
buffers. These buffers (Chapter 
4-7) simulate partly the 
chemical composition of plague 
and saliva, namely with respect 
to the degree of saturation, 
with respect to the fluoride 
and carbonate concentration, 
and with respect to the pH. 
1.4.3 Acid-susceptibility 
after remineralization 
In the mouth, remineralized 
enamel is attacked by acids. 
Koulourides and Cameron (1980) 
found that in vivo reminerali-
zation resulted in a deposited 
mineral, which has a much lower 
rate of dissolution. If 
remineralized enamel is less 
acid-susceptible than normal 
tooth enamel, the caries process 
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would be retarded or inhibited. 
Therefore it is interesting to 
investigate the acid-susceptibi-
lity of remineralized enamel, 
especially of enamel continuous-
ly remineralized, as in this way 
only the effect of the reminera-
lization on the acid-susceptibi-
lity can be measured. A disad-
vantage of pH-cycling (Ten Cate 
et al., 1988) and in situ (Crea-
nor et al., 1986) studies is 
that the net amount of' remi-
neralization is contaminated by 
effects occurring during the 
demineralization periods. 
In the present study the 
effects of factors, as the 
fluoride and carbonate con-
centration in the reminera-
lization solutions and the pH 
of the remineralization solu-
tions, on the acid-suscep-
tibility of the remineralized 
enamel was investigated. 
1.5 Measurement of the mi-
neral content of carious 
lesions 
Visually, caries can be seen 
as a white spot or a cavitation 
in the tooth enamel. Several 
techniques are available to 
measure changes in the mineral 
content of tooth enamel (Zero 
et al., 1990). A lot of these 
techniques are destructive and 
can only be used after the 
experiment. Among these de-
structive techniques are mi-
crohardness tests (Caldwell et 
al., 1958), chemical analyses 
of calcium and phosphate in the 
enamel (Wöltgens et al., 1981), 
polarized light microscopy 
(Thylstrup et al., 1976), 
microprobe analyses (Wei, 1970; 
Driessens et al., 1986), and 
conventional microradiography 
(Angmar et al., 1963; Groene-
veld, 1974). 
Other techniques are non-de-
structive for the carious 
lesions. E.g. chemical analyses 
of calcium and phosphate in the 
buffer solutions (Ten Cate and 
Duijsters, 1982) , scanning 
optical monitoring (Ten Bosch 
et al., 1980) and longitudinal 
microradiography (De Josselin 
De Jong et al., 1987; the pre-
sent study). 
Microradiography is a very 
useful technique, because it 
has the opportunity to give 
information about the mineral 
content on every location within 
a lesion. The principle of 
microradiography (Angmar et 
al., 1963; Groeneveld, 1974; 
Theuns, 1987b) is as follows: 
A microradiogram is made of an 
enamel section with a thickness 
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of about 125 μη, using an X-
ray apparatus with a nickel 
filter to obtain monochromatic 
radiation (CuKa). Together with 
the enamel slice an aluminium 
stepwedge as a reference is 
exposed. The density of the 
microradiograms is measured 
using a Leitz densitometer 
(slit-scanning) and transfor­
med into volume percentages of 
mineral, using the density of 
the reference material and the 
mineral composition as described 
by Angmar et al. (1963). The 
volume percentages are plotted 
as a function of the depth in 
the enamel (figure 1.4). From 
the densitogram of a subsurface 
lesion several parameters can 
be obtained (figure 1.4): 
MSL = the mineral contant (vol%) 
of the surface layer. 
DSL = the depth (μιη) of the 
surface layer. 
MBL = the mineral content (vol%) 
of the body of the lesion. 
DBL = the depth (μιη) of the 
body of the lesion. 
DTL = the depth (μιη) of the 
Mineral content (vol */·)-
MSL 
MBL 
DSL DBL DTL -»Depth (yum) 
Fig. 1.4. Schematic drawing of a microdensitogram of enamel with 
a subsurface lesion. 
The mineral content (vol%) is plotted against the depth (μιη) in 
the enamel. Several parameters are obtained from this graph. For 
notations, see text page 19 and 20.( — ) represents sound enamel. 
19 
total lesion. 
ΔΑ = the area (voll χ μπι) 
above the profile of the treated 
enamel. 
The conventional microra­
diography uses enamel slices, 
cut from enamel blocks before, 
during and after the de- and 
remineralization experiment. 
Longitudinal microradiography 
uses single sections of enamel, 
sawn out of sound enamel before 
the experiment and used through­
out this experiment (Wefel et 
al., 1987; Strang et al., 1988; 
Creanor et al., 1986). This 
method diminishes for a large 
part the disadvantages of the 
use of enamel blocks in 
conventional microradiography. 
Advantages of longitudinal 
microradiography are: 
1) the possibility for a more 
exact determination of the chan­
ges in microdensitometric 
parameters due to less influence 
of biological variations within 
enamel blocks, as the degree of 
de- and remineralization is mea­
sured on the same place in a 
slice. 
2) a reducement in the number 
of losses of carious lesions, 
occurring during sawing of the 
slices from enamel blocks, 
because the slices are sawn out 
of sound enamel before the 
experiment. 
3) the possibility of lon­
gitudinal investigations, 
whereby the periods between 
measurements can be short and 
the total amount of work and 
experimental material is re­
duced . 
1.6 Aims of the study 
The process of reminera­
lization is a complex one. 
Although many factors are of 
importance, as seen in the 
previous paragraphs, the aims 
of this study are restricted 
to the investigation of: 
1) the in vitro reminera­
lization of artificial carious 
lesions resembling the natural 
carious lesions, in order to get 
more information about the 
reaction mechanisms of remine­
ralization. 
2) the in vitro reminera­
lization under conditions 
simulating the oral environment 
with respect to the fluoride and 
carbonate concentration, the pH, 
and the degree of saturation of 
the remineralization solution. 
3) the acid-susceptibility 
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THE INFLUENCE OF FLUORIDE ON IN VITRO 
REMINERALIZATION OF BOVINE ENAMEL 
Abstract 
Remineralization experiments 
using bovine enamel were carried 
out with 2 ppm fluoride or no 
fluoride added to the reminera­
lization solutions. 
The group without fluoride 
showed (quantitative microra­
diography) significantly more 
remineralization in the first 
50 jum of the lesion than the 
fluoride group. 
It is suggested that fluoride 
may inhibit remineralization. 
Introduction 
In many studies the in vi­
tro remineralization of ena­
mel with subsurface lesions 
has been reported (Ten Cate 
and Arends, 1977; Ten Cate et 
al., 1981; Silverstone, 1980; 
Silverstone et al., 1981; White, 
1988). It has been found that 
fluoride in low concentrations 
increased the remineralization 
rate. In in vitro studies with 
softened enamel similar results 
have been obtained (Feagin, 
1971; Koulourides et al., 1961) . 
However, in the above mentio­
ned in vitro studies microra-
diographic data are scarce. 
In longitudinal epidemio­
logical studies, fluoride ap­
peared to inhibit complete le­
sion remineralization in vivo 
(Backer Dirks, 1966; Pot and 
Groeneveld, 1976; Groeneveld, 
1986) . This has been attributed 
to a deposition of fluorapatite 
(FAP) in the surface layer of 
the lesion. In this way the 
pores of the enamel may have 
been blocked and diffusion into 
the lesion restricted. 
The aim of the present study 
was to investigate, by means of 
microradiography, wheter 
fluoride inhibits or accelerates 
the remineralization of 
demineralized dental enamel in 
vitro. 
Materials and methods 
Specimen preparation and 
demineralization -The outer 500 
μπι of the labial surface of 
sixteen bovine incisors were 
removed by abrasive paper grid 
600. After covering with wax, 
except for a window (~ 15 mm2) , 
the enamel was demineralized 
during 14 days at 37"С in a 50 
mM acetate buffer, pH 5.0, 
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containing 2.2 mM Ca, and 2.2 
mM P. (see also Ten Cate and 
Duijsters, 1982) . Per mm2 ena­
mel 1 ml solution was used. This 
demineralization solution was 
undersaturated with respect to 
hydroxyapatite (ОНА; Van Dijk 
et al., 1979) . After deminerali­
zation the enamel blocks were 
washed in distilled water and 
wiped off with a paper tissue. 
Half of the window of each 
enamel block was covered with 
coldcuring polymethylmethacryla-
te/polybutylmethacrylate 
(pMMA/pBMA) in order to be able 
to determine the amount of demi­
neralization of the enamel prior 
to the remineralization step 
within the same blocks. 
Remineralization -After 
demineralization the lesions 
were remineralized for ten days 
at 37eC under stirring in a 
solution initially containing 
1.5 mM Ca, 0.9 mM Ρ, 130 mM KCL 
and 20 mM buffer (cacodylic 
acid/Na-cacodylate), pH 7.0, 
without (non-fluoride group) or 
with 2 ppm fluoride added (fluo­
ride group) during reminerali­
zation (Ten Cate and Duijsters, 
1982). The solutions were re­
freshed every fifth day. Per 
mm
2
 enamel 2 ml solution was 
used. 
The remineralization solution 
was supersaturated with respect 
to ОНА, and in the presence of 
2 ppm fluoride supersaturated 
with respect to fluorapatite 
(FAP) too (Ten Cate et al., 
1985). 
After remineralization the 
enamel blocks were washed in 
distilled water and the cove­
ring (pMMA/pBMA) layer was re­
moved carefully. 
Microradiography and den­
sitometry -From the middle of 
every window a slice with a 
thickness of approximately 125 
/m was cut with an annular saw 
in such a way that every slice 




were made from these sections 
together with an aluminium step-
wedge using a vacuum (3 mm Hg) 
X-ray camera, Cu-Ka radiation, 
Be-window, Ni-fliter, V = 20 kV, 
I = 20 mA, object to target dis­
tance: 0.4m. Contact microra­
diographs were made on Kodak 
High Resolution Plates, deve­
loped in Nivenool (Amaloco) for 
7.5 minutes (Groeneveld, 1974; 
De Groot et al., 1986; Theuns 
et al., 1984, 1985). 
The density of the micro-
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radiograms was measured by 
slit-scanning with a Leitz 
densitometer connected with a 
DEC 350 Computer. Using these 
density profiles and the mi­
neral absorption coefficient 
described by Angmar et al. 
(1963), the volume percentage 
of mineral in the lesion was 
calculated and plotted against 
the depth. The relevant parame­
ters of a lesion were determined 
by averaging the results of 2-
4 slit scans in that lesion 
within each region. Figure 2.1 
shows the relevant parameters 
of a schematic densitogram of 
a subsurface lesion (Theuns et 
al., 1984). Student's t-tests 
were done to detect statisti­
cal significances between the 
de- and remineralization and 
between the fluoride and the 
non-fluoride group (table 2.1 
and 2.2) for some microradio-
graphic parameters. 
Mineral content (vol V.)-
MSL 
MBL 
DSL DBL DTL -»Depth (/jm) 
Pig. 2.1. Schematic densitogram for enamel with a subsurface 
lesion. DSL = depth of the surface layer, MSL = mineral content 
of the surface layer, DBL = depth of the body of the lesion, MBL 
= mineral content of the body of the lesion, DTL = depth of the 
total lesion, ΔΑ = area (vol% χ цт) above the profile. The upper 




enamel with a relatively low 
content of the surface layer 
was obtained. During remine-
ralization a significant 
(p<0.05) increase of the mi-
neral content of the surface 
layer (MSL) and a significant 
decrease in area above the pro-
file (ΔΑ) was obtained in both 
groups (table 2.1). To deter­
mine the effects of fluoride on 
the amount of remineralization, 
AMSL (mineral content of the 
surface layer after deminerali-
zation minus the mineral content 
of the surface layer after remi­
neralization) and ΔΔΆ (area 
above the profile after demine-
ralization minus the area above 
the profile after reminerali­
zation) were calculated. The 
non-fluoride group showed a 
significantly higher AMSL than 
the fluoride group (-33 ± 6 
versus -22 ± 12). However, the 
ΔΔΑ (table 2.2) in both groups 
did not differ significantly. 
For obtaining more detailed 
information about this para­
meter, ΔΔΑ was determined in 
successive layers of the lesion 
(table 2.2). The ΔΔΑ of the 
fluoride group differed 
significantly from the non-
fluoride group in the first 50 
Table 2.1. Microradiographic parameters after de- and reminerali­
zation of bovine enamel (means ± SD). 
Group DSL MSL DBL MBL DTL ΔΑ 
Fluoride <*F) 
reni nera l i zat i on 
deaf пега I i zat i on 
8 16 ι 4 66 t 7a 37 t β 47 1 8a 146 t 22 2700 t 730a 
8 16 t 4 43 t 10 33 t 6 34 t 10 157 i 25 4000 i 1212 
Non-fluoride (-F) 
remineralization 
demi пега I i zat i on 
8 18 ι 5 81 i За 51 i 16а 71 t За 146 ι 13 1400 t Z11a 
8 14 t 2 48 ι 18 27 ι 4 41 ι 9 149 1 15 3100 t 1093 
a s the remineralization group differs significantly (p<0.05) fron the demineral i zat i on group. 
η
 a
 паіЬег of blocks. 
For other notations: See figure 2.1. 
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Table 2.2. The ΔΔΑ fvol% χ μια) in the total lesion and 
at some depths (μιη) for the fluoride and the non-fluo­
ride group (mean ± SD) . 
Group η ΔΔΑ ΔΔΑ 
total lesion depth (Jim) 
12-32 32-52 52-72 72-132 
Fluoride β 1300 t 832 371 t 172a 243 i 137a 173 ι 168 378 ι 461 
Non-
fluoride 8 1700 t 1026 708 ι 103 507 ι 199 325 t 190 298 ι 443 
a = fluoride group differs significantly (p<0.05) from the non-fluoride group. 
π = nunber of blocks. 
ΔΔΑ= ΔΑ af ter demineralization minus ΔΑ af ter remìneralìzation. 
jum of the lesion (including the 
surface), indicating that in 
this area the presence of flu-
oride caused a decrease in the 
amount of remineralization. 
Discussion 
The results of the present 
study indicate that fluoride 
delays the in vitro reminera-
lization in the first 50 μιη of 
the lesion and that it has no 
significant influence on the 
remineralization of the rest of 
the lesion. This seems contra­
dictory to studies in the lite­
rature (Introduction) which 
report a stimulating effect of 
fluoride on the remineraliza­
tion. Experiments performed pre­
viously with hydroxyapatite 
(ОНА) seeds, and enamel reveal 
some factors which may be of 
importance for the understanding 
of the mentioned differences. 
Feagin (1971) found that the 
deposition rate of calcium and 
phosphate from solutions onto 
acid-softened enamel was stimu­
lated by the presence of fluori­
de. However, Meyer and Nancol-
las (1972) reported that 
fluoride in small concentra-
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tions (2 χ IO-6 to 1 χ ΙΟ"4 M) 
inhibits the initial crystal 
growth of ОНА. These studies 
indicate that fluoride may in­
crease or decrease the deposi­
tion of mineral, depending on 
its concentration. Silverstone 
et al. (1981) pointed out that 
the degree of supersaturation 
of the remineralization fluid 
has a marked effect on the re­
mineralization of carious le­
sions. When a low calcium con­
centration was used, reminerali­
zation occurred throughout the 
entire depth of a lesion. When 
higher calcium concentrations 
were used, remineralization oc­
curred, but was limited to the 
surface of the lesion. The 
lesion type too is important for 
the remineralization process 
because it determines the preci­
pitation kinetics in the sense 
of a diffusion- or surface-con­
trolled precipitation ( Ten 
Cate, 1979; Ar ends and Ten Cate, 
1981; Damato et al., 1988). 
These studies show that the 
remineralization of a carious 
lesion is a complex process, 
which depends strongly on the 
exact experimental conditions 
used. 
Comparison of the experi­
mental set-up of our study with 
those in the literature dealing 
with remineralization of subsur­
face lesions, reveal differences 
in the experimental conditions 
which will have their influence 
on the results. Silverstone 
(1980) reported a stimulating 
influence of 1 ppm fluoride on 
the remineralization during ten 
days. In that study a supersa­
turation different from that in 
our study, and acidified gel 
lesions were used. Ten Cate and 
Arends (1977) reported a twofold 
increase in remineralization 
rate in the presence of 1 ppm 
fluoride. However, a reminerali­
zation time of 8 h, а НЕС gel 
for preparation of the lesions, 
and a different supersaturation 
of the calcified fluid were used 
in comparison with our study. 
Ten Cate et al. (1981) found 
that fluoride stimulated the 
calcium deposition. In this 
study a remineralization time 
of 5 days, НЕС gel preparation 
of the lesions, and 10 ppm fluo­
ride were used. Ten Cate and 
Duijsters (1982) used the same 
kind of enamel and the same de-
and remineralization conditions 
as used in the present study. 
The amount of remineralization 
in that study was determined 
by using a cumulative plot of 
calcium gain from the solution 
for the fluoride and non-fluori-
34 
de group. A slightly greater 
calcium gain for the non-fluori­
de group than for the fluoride 
group was found after ten days. 
This implies the absence of a 
stimulating effect of fluoride 
on the remineralization. This 
result is in agreement with the 
findings of the present study: 
the difference between the 
amount of remineralization of 
the total lesion (table 2.2, 
ЛА\о*«1 lesion) o f t h e fluoride 
and non-fluoride group was too 
small to be significant. More 
recently, another study too 
reported no stimulating influ­
ence of fluoride on reminerali­
zation (Ten Cate and Timmer, 
1986). The presence of 0.25-
1.0 ppm fluoride did not increa­
se the amount of remineraliza­
tion in a series of pH-cycling 
experiments. It was found that 
fluoride inhibited the amount 
of remineralization for all 
concentrations used. However, 
it is not clear from the results 
of that study to which amount 
this inhibition was caused by 
the slower solubilization of the 
enamel mineral during the demi-
neralization periods of the pH-
cycles in the presence of fluo­
ride. 
In the study of Ten Cate and 
Duijsters (1982) a fluoride up­
take of 0.043 дтоі fluoride per 
mm
2
 of enamel was found during 
the total remineralization 
period of ten days. By extrapo­
lation of this result to the 
present study (same experimental 
conditions) it was estimated 
that the decrease of fluoride 
in our remineralization solution 
will not be more than 10% during 
the total remineralization 
period. Similarly, the calcium 
loss can be calculated to be not 
more than 7% and 6% in the non-
fluoride group and fluoride 
group respectively. This means 
that the absence of a stimula­
ting effect of fluoride on the 
remineralization in our 
experiments is not caused by a 
more rapid exhaustion of the 
calcifying solutions of the 
fluoride group compared with 
those of the non-fluoride group. 
The above mentioned study of 
Meyer and Nancollas (1972) sug­
gests that a range of fluoride 
concentrations of 2 χ 10 to 
1 χ 10" M may have an inhibi­
ting effect on the remineraliza­
tion. In our experiments 
fluoride levels of this 
magnitude are probably present 
in the outer layers (50 μπι) of 
the enamel, and responsible for 
the inhibition of remineraliza­
tion observed in this part of 
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the lesion (table 2.2). In the 
deeper parts the calcium, 
phosphate, and fluoride 
concentrations will be lowered 
by adsorption and precipitation 
in the surface layer during 
remineralization. In the deeper 
layers the fluoride concentra­
tion may become so low that the 
fluoride has no or only little 
influence on the remineraliza­
tion rate. This is in accordance 
with the results presented in 
table 2.2, which indicate that 
the fluoride and the non-
fluoride group do not differ 
significantly in the reminerali­
zation rate of the deeper parts. 
In principle the inhibiting 
influence of fluoride on remi­
neralization could also be ex­
plained by the formation of a 
blocking layer in the very ou­
ter part of the lesion by the 
presence of fluoride. The exis­
tence of such a blocking layer 
was proposed previously to ex­
plain the clinical observation 
that in areas with drinking 
water fluoridation, the amount 
of remineralized repaired white 
spots is decreased (Backer 
Dirks, 1966; Pot and Groene-
veld, 1976; Groeneveld, 1986), 
and to explain the results of 
alternating de- and reminerali­
zation of artificial enamel le­
sions (Ten Cate and Duijsters, 
1982; Ten Cate et al., 1988). 
However, in the present study 
no microradiographic indica­
tions were obtained for the 
existence of such a layer. In 
addition, it is expected that 
a blocking layer retards the 
remineralization of the total 
lesion, and not only of the 
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INFLUENCE OF FLUORIDE ON IN VITRO REMINERA-
LIZATION OF ARTIFICIAL SUBSURFACE LESIONS 
DETERMINED WITH A SANDWICH TECHNIQUE 
Abstract 
Remineralization experiments 
of bovine enamel with subsur-
face lesions were carried out 
with the use of a sandwich tech-
nique. The remineralizing so-
lutions contained no or 2 ppm 
fluoride added to the solution. 
The amount of remineralization 
was determined after reminerali-
zation periods up to 324 h by 
means of quantitative microra-
diography. After 84 h the group 
with fluoride showed signifi-
cantly (p<0.05) less reminerali-
zation than the nonfluoride 
group. This inhibition of fluo-
ride on the remineralization 
may be explained by the inhibi-
ting effect that fluoride at 
certain concentrations has on 
the crystal growth of apatites. 
Introduction 
In many de- and remineraliza-
tion studies enamel blocks have 
been used (Ten Cate and Arends, 
1977, 1980; Ten Cate and Duijs-
ters, 1982; Silverstone, 1980; 
Silverstone et al., 1981; Lam-
mers et al., 1990). However, 
variations within and between 
blocks prevent an exact deter-
mination of the changes in 
microdensitometric parameters 
after remineralization. The 
influence of biological varia-
tions within blocks can be dimi-
nished by the use of the sand-
wich technique, as with this 
technique the degree of de- and 
remineralization is measured on 
the same place in a slice. Thus 
more precise information can be 
obtained about the processes 
occurring at various locations 
in the caries lesion during 
remineralization. Other advan-
tages of this technique are: 
1) the possibility of lon-
gitudinal investigations, 
whereby the periods between 
measurements can be short and 
the total amount of work and 
experimental material is redu-
ced; 
2) the losses of lesions occur-
ring during sawing of slices 
after the experiment are redu-
ced, because the slices are sawn 
out of sound enamel before the 
experiment. 
The aim of this study was to 
use a sandwich technique to 
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investigate quantitatively the 
influence of fluoride on the in 
vitro remineralization of arti­
ficial subsurface lesions as a 
function of time. 
Materials and methods 
Twelve slices with a thick­
ness of approximately 125 μιη 
were cut perpendicular to the 
labial surface of sound bovine 
incisors with a hollow diamond 
blade. These sections were sand­
wiched between two sheets of 
Plexiglass with adhesive 
(acrifix 90, Röhm, Darmstadt, 
FRG). After polymerization of 
the adhesive the surplus of 
embedding material was sawn 
off, including the outermost 500 
ßm of the enamel (figure 3.1). 
The sandwiches were deminerali-
zed during 69 h at 250C under 
stirring in a solution contai-
ning 2.2 mM Ca, 2.2 mM Ρ, 50 mM 
НАС, 5 μΜ F, pH 5.0. This 
solution was undersaturated with 
respect to hydroxyapatite (Van 
Dijk et al., 1979). Ten 
milliliters of solution was used 
per sandwich. After deminerali-
zation, the sandwiches were 
washed in distilled water and 
contact microradiograms were 
made from these sections using 
Cu-Ka radiation (Groeneveld, 
1974; Theuns et al., 1984, 1985; 
Lammers et al., 1990). 
Then the twelve sandwiches 
were divided into two groups: 
one receiving 2 ppm fluoride 
during the remineralization and 
one without added fluoride. The 
remineralization was performed 
during the next 324 h at 37"С 
under stirring in a solution 
containing l.SmMCa, 0.9mMP, 
130 mM KCl, 20 mM buffer (сасо-
dylic acid/Na cacodylate), pH 
7.0. The solution was refreshed 
every 5th day. Twenty milli­
liters of solution was used per 
sandwich. The remineralizing 
solutions were supersaturated 
with respect to hydroxyapatite 
and in the presence of fluoride 
supersaturated with respect to 
fluorapatite (Ten Cate et al., 
1985). After 24, 84, 132, 168, 
216, 276 and 324 h of reminera­
lization contact microradiograms 
were made to follow the course 
of the remineralization. The 
density of the microradiograms 
was measured quantitatively by 
slit scanning with a Leitz den­
sitometer connected with a DEC 
350 Computer. The lesion para­
meters were obtained by calcula­
tion of the volume percentage 
of the mineral in the enamel 
from the density of the microra-
diogram (absorption coefficient 
42 



















Fig. 3.1. Preparation of a 
sandwich, a A 12 5-μιη-thick 
section is sawn perpendicular 
to the labial surface of the 
incisor. The incisor has been 
drawn as a lengthwise section. 
b The 125-/m-thick section is 
sandwiched between two Plexi­
glass sheets with adhesive. The 
broken line ( ) represents the 
sawing line. с Surplus of 
embedding material and the outer 
layer (я 500 μιη) of the enamel 
is removed by sawing. 
of the enamel minerals) (Angmar 
et al., 1963) and plotting them 
as a function of depth in the 
lesions (figure 3.2). 
From each sandwich, and on 
each time mentioned above, four 
densitograms were made by scan­
ning through the lesion at four 
different locations. The lesion 
parameters obtained from these 
four scannings were averaged and 
revealed the lesion parameters 
for one sandwich at one time. 
Values of six sandwiches were 
averaged to obtain values for 
each subgroup. 
Student's t-tests were done 
to detect statistical signifi­
cance of differences between 
the fluoride and the nonfluoride 
group at various times for ΔΔΑ, 
AMSL and ADTL (table 3.1). A 
Waller-Duncan test was done to 
detect statistical significance 
in the time sequence within a 
subgroup for ADTL. 
Results 
Figure 3.2 shows the densi-
43 
DSL = depth (μπι) of the surface layer 
MSL = mineral content (voll) of the surface layer 
AMSL = mineral content (vol%) of the surface layer after de-
and subsequent remineralization minus mineral content 
(vol%) of the surface layer after demineralization 
DBL = depth (μια) of the body of the lesion 
MBL = mineral content (vol%) of the body of the lesion 
DTL = depth (μια) of the total lesion 
ADTL = depth (μη) of the total lesion after demineralization 
minus depth (μιη) of the total lesion after de- and 
subsequent remineralization 
ΔΑ = area (vol% χ μιη) above the profile of treated enamel 
(see figure 3.2: ΔΑ after demineralization is repre­
sented by the hatched field) 
ΔΔΑ = area (vol% χ μιη) above the profile after demineraliza­
tion minus area (vol% χ μιη) above the profile after 
de- and subsequent remineralization (see figure 3.2: 
ΔΔΑ after 84 h of remineralization is represented by 
the cross-hatched field) 
Table 3.1. Abbreviations used 
tometric profiles for the fluo­
ride and the nonfluoride group 
after demineralization and after 
84, 216 and 324 h of reminerali­
zation. After demineralization 
enamel with a subsurface lesion 
was obtained. During reminera­
lization a decrease in ΔΑ was 
obtained in both groups. 
At 84 h and thereafter the 
nonfluoride group showed a 
significantly (p<0.05) greater 
change in ΔΔΑ than the fluori­
de group (figure 3.3). This 
indicates that the presence of 
2 ppm fluoride in the reminera-
lizing solution caused a decrea­
se in the amount of reminerali­
zation. The increase in MSL for 
the control group during remine­
ralization was not significantly 
different from that for the 
fluoride group (figure 3.4). 
The ADTb at t = 168 h and 
thereafter was significantly 
larger than ADTb at t = 24 h for 
the nonfluoride group. This was 
not observed for the fluoride 
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Fig. 3.2. Densitograms before, during and after remineralization. 
For abbreviations see text, a Course of the remineralization of 
the no-F group after 0 (x-x), 84 (·-·), 216 (Α-A) and 324 h 
(—) of remineralization (n = 6). Bars indicate SD. b As a, but 
with 2 ppm F added. 
group (figure 3.5). This means 
that in the nonfluoride group 
the remineralization in the 
deeper parts of the lesion still 
continued after the first 24 h 
(see also figure 3.2 a, b ) . 
The ADTL in the nonfluoride 
group at most times after 84 h 
was significantly higher than 
the ADTL in the fluoride group. 
This indicates that more remine­
ralization has occurred in the 
deeper parts of the lesion of 
the nonfluoride group than in 
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• no F added 
•χ 2ppm F added 
β F value and no-F value 
significantly different (p<0 05 ) 
Time (h ) 
Fig. 3.3. ΔΔΑ plotted as a /unction of remineralization time 
(n = 6). Bars indicate SD. 
the fluoride group. 
Discussion 
The results of the present 
study indicate that 2 ppm fluo­
ride delays the in vitro remine­
ralization under the experimen­
tal conditions used. This re­
tardation is significant after 
84 h. 
In the literature mostly a 
stimulating influence of fluori­
de on the in vitro remineraliza­
tion has been reported (Ten Cate 
and Arends, 1977; Ten Cate et 
al., 1981; Silverstone, 1980; 
Silverstone et al., 1981; White, 
1988). Experiments with hydro-
xyapatite seeds and enamel 
reveal some factors which may 





• — · no F added 
χ—χ 2ppm F added 
100 200 300 AOO Time (h) 
Fig. 3.4. AMSL plotted as a function of remineralization time 
(η = 6). Bars indicate SD. F value and no-F value are not sig­
nificantly different (p>0.05). 
ralization process and may 
contribute to the understanding 
of the mentioned difference. 
These factors are the seed 
concentration and degree of 
supersaturation (Nancollas and 
Mohan, 1970; Silverstone et 
al., 1981), the sort of seeds 
(Moreno et al., 1977), the pH 
(Feagin, 1971), the enamel 
surface area (Feagin et al., 
1972) , the lesion type (Ten 
Cate, 1979; Ar ends and Ten Cate, 
1981; Damato et al., 1988; Ten 
Cate et al., 1988) and the 
fluoride concentration (Feagin, 
1971; Meyer and Nancollas, 
1972). Meyer and Nancollas 
(1972) reported inhibition of 
initial apatite growth in crys­
tal growth studies in the pre­
sence of small concentrations 
(2 χ 10"6 to 1 χ IO-4 M) of 
fluoride. This suggests that 
fluoride, within certain con­





• — · no F added 
~x 2 ppm Fadded 
β F value and no-F value 
significantly different(p<0 05) 
100 200 300 400 Time(h) 
Fig. 3.5. ADTL plotted as a function of remineralization time 
(n = 6). Bars indicate SD. For the nonfluoride group ADTL at 
t = 168 h and thereafter differs significantly (p<0.05) from 
ADTL at t = 24 h. 
remineralization. Therefore in 
the present study the apparent 
inhibition of remineralization 
in the first part of the lesions 
of the fluoride group may be 
caused by this inhibiting effect 
of fluoride on the crystal 
growth of enamel apatites. 
During the remineralization 
process some fluoride will pene­
trate from the remineralizing 
solution into the deeper parts 
of the lesion. This penetration 
is facilitated by the presence 
of fluoride in the deminerali-
zing solution, which has a 
saturating effect on the exchan­
ge reaction of fluoride with the 
apatite mineral in the surface 
layer of the lesion. As a conse­
quence the remineralization in 
the deeper parts of the lesion 
in the fluoride group will be 
inhibited as well (figure 3.2). 
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In the study of Lammers et 
al. (1990), the presence of 2 
ppm fluoride in the reminerali-
zation solution had only an 
inhibiting effect on the 
remineralization in the first 
50 μιη of the lesion and not in 
the deeper parts. This may be 
caused by the absence of fluori­
de in the demineralization solu­
tion in that study. When the 
remineralization starts, no 
fluoride is present in the sur­
face layer of the lesion. So 
the fluoride present in the 
remineralization solution will 
interact strongly with the mine­
ral in this part of the lesion. 
This delays the penetration of 
fluoride into the deeper parts 
of the lesion strongly.Therefore 
its action will be limited 
mainly to the surface layer of 
the lesion. Other factors that 
may contribute to the different 
action of fluoride in the pre­
sent study compared with that 
of Lammers et al. (1990) may be 
the different types of lesions 
used in the two studies and the 
use of the sandwich technique. 
From the literature (Silverstone 
et al., 1983; Mellberg et al., 
1986) and our experience it is 
known that the demineralization 
in sandwiches proceeds faster 
than in enamel blocks. This may 
be due to the change in the 
ratio of surface to solution 
volume from 1 mm2/ml in blocks 
to 1 mm2/10 ml in sandwiches. 
It is not known if the same 
phenomenon holds for the 
remineralization in sandwiches. 
Another possible explanation 
for the delaying influence of 
fluoride could be the occurrence 
of a blocking layer (Ten Cate 
and Duijsters, 1982; Ten Cate 
et al., 1988) in the surface 
layer of the lesion in the fluo­
ride group. Thereby the diffu­
sion into the lesion could be 
retarded. We did not find evi­
dence for a contribution of 
this mechanism in our experi­
ments. However, it cannot be 
excluded that the microradiogra-
phic technique was too insensi­
tive to detect this phenomenon 
in the outer surface layer of 
the lesion. Although AMSL in the 
fluoride group does not differ 
significantly from the AKSL in 
the nonfluoride group, reminera­
lization does (figure 3.3, 3.4). 
This supports the idea that the 
inhibition of crystal growth by 
the presence of fluoride may be 
an important factor responsible 
for the inhibiting effect that 
fluoride has on remineraliza­
tion. With this in mind, in vivo 
incipient enamel 'white spot' 
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lesions may probably occur as 
a consequence of the presence 
of fluoride ions during de- and 
remineralization reactions. 
The inhibiting effect of 
fluoride on remineralization has 
been reported previously in 
clinical studies as well (Backer 
Dirks, 1966; Pot and Groeneveld, 
1976; Groeneveld, 1986). In 
areas with drinking water fluo-
ridation, the amount of remine-
ralized (repaired) white spots 
is smaller than in a non-fluori-
dated area, although the number 
of initial lesions was the same 
in both areas (Groeneveld, 
1986). In those studies the 
inhibition of remineralization 
by fluoride was hypothetically 
attributed to a blocking of the 
pores in the surface and re-
striction of diffusion into 
the lesion, according to the 
mechanism described above. 
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INFLUENCE OF FLUORIDE AND CARBONATE 
ON IN VITRO REMINERALIZATION 
OF BOVINE ENAMEL 
Abstract 
The influence of fluoride, 
carbonate, and fluoride in 
combination with carbonate on 
the in vitro remineralization 
of bovine enamel was investi­
gated with the use of a sand­
wich technique. After demine-
ralization, enamel slices were 
subjected for 610 hours to 
remineralizing solutions with 
0.03 or 1.0 ppm fluoride. At 
each fluoride level either 0, 
1, 10, 20 or 25 mmol/L carbonate 
was tested. After 0, 22, 62, 
126, 192, 329 and 610 hours of 
remineralization, contact micro-
radiographs were made using Cu 
Κα-radiation. At 0.03 ppm flu­
oride, carbonate had an inhibi­
ting influence on remineraliza­
tion. At 1.0 ppm fluoride, the 
inhibiting influence of 
carbonate changed into a 
stimulation of remineralization 
at 20 and 25 mmol/L carbonate. 
At 0, 1 and 10 mmol/L carbonate, 
fluoride had an inhibiting 
influence on remineralization. 
The differences in remineraliza­
tion between the groups were ex­
plained by events concerning 
crystal growth. I.e. different 
types of mineral might have 
precipitated with differences 
in precipitation rate and 
retardation of a precipitation 
step might have occurred under 
the various remineralization 
conditions. There was a mutual 
influence of fluoride and 
carbonate on the reminerali­
zation process. We conclude that 
the composition of the remi­
neralizing solution with respect 
to fluoride and carbonate con­
centrations is important for 
the remineralization process. 
Introduction 
Caries lesions in enamel 
have the ability to reminera-
lize (Ten Cate and Arends, 
1977, 1980; Silverstone et al., 
1981; Larsen and Fejerskov, 
1989) and clinically this 
process is important as a weapon 
against dental caries (Backer 
Dirks, 1966; Pot and Groeneveld, 
1976; Koulourides and Cameron, 
1980). The medium responsible 
for the in vivo remineraliza­
tion is saliva. Koulourides et 
al. (1965) showed that the 
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ability of human saliva to 
reharden softened enamel varied 
among different individuals. 
Differences in the composition 
of saliva, and varying amounts 
of plaque on the enamel surface 
may be responsible for this 
variation. Especially, differen­
ces in fluoride concentrations 
and carbonate concentrations may 
be of importance (McCann, 19 68; 
Jenkins, 1978; Driessens, 1982). 
Many studies on the influence 
of fluoride on crystal growth 
and on remineralization of 
enamel have been reported (Meyer 
and Nancollas, 1972; Pot and 
Groeneveld, 197 6; Ten Cate and 
Arends, 1977; Eanes and Meyer, 
1978; Eanes, 1980; Ten Cate and 
Duijsters, 1982; Lammers et al., 
1990 a, b) . Some authors 
reported a stimulating influence 
of fluoride on remineralization 
while others reported an 
inhibiting influence. 
Other studies investigated the 
influence of carbonate on 
crystal growth and on remine­
ralization of enamel (Feagin 
et al., 1969, 1977; Ingram, 
1973). Feagin et al. (1977) 
reported a stimulating influence 
of carbonate on remineraliza­
tion. In addition carbonate 
reduced the fluoride uptake in 
enamel. 
Fluoride and carbonate both 
occur in saliva. It is there­
fore of importance to study the 
remineralization process in the 
presence of both fluoride and 
carbonate, as there may be a 
mutual influence of these 
compounds on the remineraliza­
tion process. The aim of this 
study was to investigate, in an 
in vitro study, the influence 
of fluoride, carbonate, and 
fluoride in combination with 
carbonate on bovine enamel 
remineralization. 
Materials and methods 
Section and lesion preparation. 
-Sixty slices with a thickness 
of approximately 125 дт were cut 
from sound bovine incisors 
perpendicular to the labial 
surface. These sections were 
sandwiched between two plexi­
glass sheets and prepared as 
described elsewhere (Lammers et 
al., 1990a) . 
The enamel sections were 
demineralized for 40-69 h at 
250C each in 10 mL of a stir­
red solution containing 2.2 
mmol/L Ca, 2.2 mmol/L P, 50 
mmol/L acetic acid and 5 μιηοΐ^ 
F, pH 5.0 (Van Dijk et al., 
1979). The solution was 
refreshed each day. After 
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demineralization, the sandwiches 
were washed in distilled water. 
demineralization. -After 
demineralization the sandwiches 
were divided into ten groups. 
These groups were subjected for 
610 hours to remineralizing 
solutions containing 1.54 iranol/L 
Ca, 1.54 mmol/L P, 20 jamol/L 
acetic acid/ammonium-acetate 
buffer pH 6.8, and either 1.5 
ßmol/L· (0.03 ppm) or 50 ßmol/L 
(1.0 ppm) fluoride at 25eC. At 
each fluoride level, different 
remineralizing solutions having 
either 0, 1, 10, 20 or 25 mmol/L 
sodiumcarbonate were tested. The 
solutions were adjusted with 
KCl to obtain the same ionic 
strength of about 44 mmol/L. 
The solutions with initially 
0, 1 and 10 mmol/L carbonate 
were refreshed twice daily in 
order to avoid the influence 
of spontaneous precipitation 
reactions on the composition 
of the solutions. The solutions 
with initially 20 and 25 mmol/L 
carbonate were refreshed once 
daily. The solutions (34 ml per 
sandwich) were stirred at 150 
rpm and the experiments were 
carried out in closed jars to 
prevent escape of carbon dioxide 
from the solutions. 
The solutions simulated the 
oral environment for fluoride 
(saliva and plaque), carbonate 
(unstimulated or stimulated 
saliva) (McCann, 1968; Jenkins, 
1978; Driessens, 1982) and 
saturation with respect to 
octacalcium phosphate (OCP; 
pIOCP 68.6) and brushite (DCPD; 
pIDCPD 6.69) and supersaturâtion 
with respect to hydroxyapatite 
(ОНА; pIOHA 100.3) and fluora-
patite (FA; pIFA 97.7 and 94.7 
for 0.03 ppm and 1.0 ppm fluo­
ride respectively) (Driessens, 
1982) . The pi-values above were 
obtained by mathematical 
calculations using the exten­
ded Debye-Huckel formula (Ro­
binson and Stokes, 1970) . After 
22, 62, 126, 192, 329 and 610 
hours of remineralization, 
contact microradiographs were 
made as described below. 
Microradiography/micro-
dens i tome try . -Microradiographs 
of the sandwiches and an 
aluminum stepwedge were made, 
using Cu-Ka radiation (Groene-
veld, 1974; Theuns et al., 1984, 
1985; Lammers et al., 1990a, b) . 
The density of the microradio­
graphs was measured quantitati­
vely and transformed to mineral 
content (vol%) as a function of 
depth (мт) (Angmar et al., 
1963; Lammers et al., 1990a, b) . 
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From each sandwich 2 or 3 
adjacent scans were made. 
Data handling. -The lesion 
parameters obtained from the 
adjacent scannings were ave­
raged for each sandwich. The 
values for the sandwiches in 
one group were then averaged 
to obtain values for that group. 
Data were subjected to two-way 
analysis of variance, combined 
with Tukey multiple comparisons 
in order to detect significant 
differences between the groups, 
as often an interaction between 
fluoride and carbonate was ob­
served. Residuals were checked 
for normality (as no serious 
deviations from normality could 
be found, the statistical 
analyses were allowed). The 
various parameters are defined 
in table 4.1. 
Results 
Demineralization of the 
sandwiches resulted in enamel 
with subsurface lesions. The 
mean mineral content, as a 
function of depth, after ini­
tial demineralization and sub­
sequent remineralization for 
three groups is shown in figure 
4.1. It can be concluded that 
most remineralization occurred 
in the first 80 цт of the 
lesions including the body of 
the lesions. 
Table 4.2 represents the 
initial ΔΑ-values and the lon­
gitudinal changes in ΔΑ (ΔΔΑ 
(%) ) over time and 95% con­
fidence intervals. The mean ΔΑ-
values for the ten groups were 
not significantly different 
after demineralization (two-
way analysis of variance). The 
confidence intervals for the 
changes indicate that in almost 
all situations the changes with 
respect to the start of re­
mineralization are significant. 
The effect of carbonate at 1.0 
ppm fluoride on the remine­
ralization was remarkable. The 
inhibiting influence of car­
bonate with increasing con­
centrations observed at 0.03 ppm 
fluoride changed into a stimu­
lation of remineralization at 
20 and 25 mmol/L in the presence 
of 1.0 ppm fluoride. 1.0 ppm 
fluoride tended to delay the 
remineralization at 0, 1 and 10 
mmol/L carbonate as compared 
with 0.03 ppm fluoride. 
The mean AMSL is shown in 
figure 4.2 as a function of 
remineralization time for both 
fluoride concentrations and 
the five carbonate levels. For 
the groups remineralized at 
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Table 4.1. Definitions of Various Parameters. 
MSL = mineral content (vol%) of the surface layer. 
AMSh = mineral content (vol%) of the surface layer 
after de- and subsequent remineralization minus 
the mineral content (vol%) of the surface layer 
after demineralization. 
ΔΑ = area (vol% χ ßm) above the profile of treated 
enamel. ΔΑ after demineralization is represented 
by the dashed field. See figure 4.1. 
ΔΔΑ = area (vol% χ μιη) above the profile after demine­
ralization minus area (vol% χ μτα) above the pro­
file after de- and subsequent remineralization. 
ΔΔΑ after some remineralization is represented 
by the double dashed field (figure 4.1). This 
notation is a measure of the amount of reminera­
lization. 
ΔΔΑ(%) = (ΔΔΑ/ΔΑ) χ 100%. 
either 0 or 1 or 10 mmol/L 
carbonate no significant 
difference (p>0.05) in AHSL· at 
either 0.03 or 1.0 ppm fluoride 
was observed. 
For the groups remineralized 
at either 20 or 25 mmol/L car­
bonate significant differences 
(p<0.05) in AMSL at either 0.03 
or 1.0 ppm fluoride were 
observed. The inhibiting 
influence of carbonate at 0.03 
ppm fluoride and the delaying 
effect of 1.0 ppm fluoride on 
remineralization as compared 
with 0.03 ppm fluoride was 
visualized in figure 4.3. The 
inhibiting influence of car­
bonate and fluoride changed into 
a stimulation of remineraliza­
tion at 20 and 25 mmol/L 
carbonate and 1.0 ppm fluori­
de. For solutions containing 25 
mmol/L carbonate at 1.0 ppm 
fluoride, the remineralization 
rate tended to level off, as 
compared with 20 mmol/L carbona­
te at 1.0 ppm fluoride. The in-
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Mineral content (vol %>) 
100 
MSL= 
120 160 40 80 120 160 
DEPTH(>jm) 
Fig. 4.1. Mineral content (voli) as a function of the depth (βία) 
in enamel fcrith a subsurface lesion. For abbreviations, see table 
4.1. Measurements were done after initial demineralization 
(·-·) and after subsequent remineralization for 610 h (0-0) . Enamel 
was remineralized at pH 6.8 and A) at 0.03 ppm fluoride and 0 
mmol/L carbonate; B) at 1.0 ppm fluoride and 0 mmol/L carbonate; 
C) at 0.03 ppm fluoride and 20 mmol/L carbonate. 
hibition of remineralization at 
0.03 ppm fluoride and 25 mmol/L 
carbonate was slightly smaller 
as compared with 20 mmol/L 
carbonate. 
Discussion 
The results of the present 
study show enamel remi­
neralization by solutions that 
simulate the oral environment 
with respect to pH, calcium-, 
phosphate-, fluoride- and car­
bonate concentrations. 
With the microradiographical 
analyses used in this study, 
only changes in the total 
amount of mineral in certain 
parts of the lesion and the 
total lesion can be followed. 
Therefore the proposed preci­
pitation mechanisms during 
the remineralization described 
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Table 4.2. ΔΔΑ (Ч) (means with 95% confidence intervals) at several remineralization times for 
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4 (-1,10) ab 
4 (-5,12) ab 
17(10,23) 
5 (2,9) a 
14 (6, 20) 
24(17,31) 
13 (5,21) a 




12 (0,22) ad 
28 (23, 33) 
10 (8,13) abd 
25(16,31) 
31 (24, 38) 
20 (10, 29) a 
24 (15, 32) 
21 (14, 27) a 
14(7,19) abd 
10 (-1,19) abd 
11 (-1,21)31x1 
35(29,41) 
12 (5, 21) abd 
33 (24, 43) 
39 (28, 48) 
26( l l ,38)a 
34(18,46) 
28 (17, 37) a 
21 (16, 26) a 
15 (2, 27) abd 
13(-l,25)abcd 
46 (36, 55) 
15 (11, 20) abd 
39(30,51) 
55 (43, 64) 
30 (12,45) abd 
40(25,51)a 
31 (20,41) abd 
30 (20, 38) abd 
22 (10, 33) abd 
13 (3, 22) abcd 
60 (46,70) 
26(12, 33) abd 
52 (44, 61) 
statistical ns ns СОз.І СОз.І F, CO3,1 F, CO3,1 Р.СОз, I 
remarks 
a : significantly different (p<0 05) from 1.0 ppm fluonde, 20 mmol/L carbonate; b from 0.03 ppm fluonde, 0 mmol/L carbonate; с from 0.03 ppm fluor­
ide, 1 mmol/L carbonate and d from 1.0 ppm fluonde, 25 mmol/L carbonate In this table ΔΑ (vol% x цт) after demineralization is shown too. 
Significant effects (p<0.05) by analysis of vanance are shown for fluonde (F), carbonate (CO3) or the mteraction between F and CO3 (I). 
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Fig. 4.2. AMSL (mean ± SD) as 
a function of remineralization 
time for 0.03 (k-k) and 1.0 (Ф-
Ф) ppm fluoride. Bars indicate 

























carbonate (MSL at t = 0 differs 
significantly (p<0.05) from the 
other groups). a: significantly 
different (p<0.05) from 0.03 ppm 
fluoride, 20 mmol/L carbonate; 
b from 1.0 ppm fluoride, 25 
mmol/L carbonate and с from 0.03 
ppm fluoride, 25 mmol/L 
carbonate. 
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Fig. 4.3. ΔΔΑ (vol% χ ßm) (mean ± SD) after 610 hours of remïne-
ralization at 0.03 (A-A) and 1.0 (»-») ppm fluoride and 0, 1, 10, 
20 and 25 mmol/L carbonate. Bars indicate SD. η = 6. 
a: significantly different (p<0.05) from 1.0 ppm fluoride, 20 mmol/L 
carbonate; Ь from 0.03 ppm fluoride, 0 mmol/L carbonate; с from 
0.03 ppm fluoride, 1 mmol/L carbonate and d from 1.0 ppm fluoride, 
25 mmol/L carbonate. 
below are hypothetical. To 
obtain more precise information, 
refined analysis of the lesion 
would be required by techniques 
such as microprobe analyses or 
Secondary Ion Mass Spectrometry 
(SIMS). 
Firstly, we consider the 
influence of fluoride on re-
mineralization (table 4.2 and 
figure 4.3). A delaying influen­
ce of fluoride on remineraliza-
tion has been reported earlier 
in vivo (Backer Dirks, 1966; Pot 
and Groeneveld, 1976) as well 
as in vitro (Meyer and Nancol-
las, 1972; Ten Cate et al., 
1988; Lammers et al. , 1990a, b) . 
Lammers et al. (1990a, b) ex­
plained their findings as an 
effect of fluoride on the 
precipitation mechanism of 
calcium phosphates in general. 
At low fluoride concentrations 
(0.03 ppm fluoride or lower) 
near pH 7 remineralization 
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occurs in general by initial 
formation of OCP followed by 
transformation into (F)OHA 
(Driessens et al., 1987). 
However, at higher fluoride 
concentrations the OCP stage of 
precipitation is bypassed in 
favor of direct precipitation 
of F-apatites (Eanes and Meyer, 
1978; Eanes, 1980). It is 
obvious that in our experiments 
such high fluoride concentra-
tions occurred probably in the 
outer part of the lesion, when 
the fluoride concentration of 
the buffer was high. As fluoride 
is consumed for the precipita-
tion of (F)OHA in the outer 
parts of the lesion, the local 
conditions in the pores of the 
deeper parts of the lesion were 
more in favor of intermediate 
OCP-formation (retarded by 
moderate fluoride concentra-
tions) , followed by transforma-
tion into (F)OHA. These 
conditions apparently result 
in a net lower remineralization 
in the presence of high fluoride 
concentrations (1 ppm) in 
comparison with low concentra-
tions (0.03 ppm) in the buffer 
(table 4.2, figure 4 .1 and 4.3). 
Secondly, we consider the 
influence of carbonate on 
remineralization (table 4.2, 
figure 4.1 and 4.3) . The under-
lying mechanism of the delay-
ing effect of carbonate on 
remineralization may be that 
small amounts of carbonate 
diminished the formation of a 
mineral precursor. In remine-
ralization studies, Feagin et 
al. (1977) showed that carbo-
nate initially increased the 
Ca/P ratio from that of DCPD to 
that of carbonated-apatites. 
This suggests that the formation 
of the mineral precursors DCPD 
and/or OCP may be influenced 
by carbonate. In addition, car-
bonate may have an effect on the 
crystalline template. Ingram 
(1973) ascribed the inhibiting 
influence of carbonate in dental 
mineralization to an effect on 
the centres of secondary crys-
tal growth. 
In the presence of 1.0 ppm 
fluoride in the solution, the 
picture drastically changed. At 
high carbonate (20 - 25 mmol/L) 
and high fluoride (1.0 ppm) 
concentration in the solution, 
rapid precipitation of mineral 
occurs. This rapidly precipita-
ting mineral probably contains 
both fluoride and carbonate. 
Such mineral is known as fran-
colite. From this mineral it is 
known that it shows an easier 
growth than fluorapatite, in 
analogy to the formation of 
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carbonated-apatites in in vitro 
systems (McConnell, 1973; 
Vignoles et al., 1975; Okazaki 
et al., 1982). The tendence to 
level off the remineralization 
rate for solutions containing 
25 mmol/L carbonate at 1.0 ppm 
fluoride as compared with 20 
mmol/L carbonate at 1.0 ppm 
fluoride must have been caused 
by the precipitation of an 
additional carbonated compound 
like calcite. (At 25 mmol/L 
carbonate, the solution is 
nearly saturated with respect 
to calcite). Similar combined 
precipitations of calcite and 
carbonated apatites have been 
found in in vitro systems 
(Naessens et al., 1989). The 
same phenomenon explains the 
slightly smaller inhibition of 
remineralization at 0.03 ppm 
fluoride and 25 mmol/L carbonate 
as compared with 0.03 ppm 
fluoride and 20 mmol/L carbo-
nate. 
The effect that carbonate had 
on the reduced remineralization 
by fluoride, and vice versa, may 
have been caused by less fluo-
ride uptake in the enamel (so 
less inhibition of remineraliza-
tion) with increasing carbonate 
concentration, in addition to 
francolite precipitation. In 
agreement with the first ex-
planation, is the observation 
that the fluoride uptake in 
enamel is decreased by the 
presence of carbonate (Feagin 
et al., 1977) . 
Feagin et al. (1977) reported 
an increasing calcium uptake in 
the enamel with increasing 
bicarbonate concentration (5, 
15 and 25 mmol/L) at 0 and 10 
ppm fluoride. We also found a 
stimulating influence of 
carbonate on the reminerali-
zation, but only in the pre-
sence of 1.0 ppm fluoride and 
at 20 and 25 mmol/L carbonate. 
At 0.03 ppm fluoride and 1, 10, 
20 and 25 mmol/L carbonate and 
at 1.0 ppm fluoride and 1 and 
10 mmol/L carbonate, we found 
no stimulation of remineraliza-
tion as compared with no 
carbonate present in the 
solution. The different pH and 
degree of supersaturation of the 
remineralization solutions and 
the different duration of the 
remineralization time (Feagin 
et al. (1977): up to 3 hours; 
this study: not less than 22 
hours) might be responsible for 
some of the differences between 
the studies. 
The results of this study are 
explained in terms of crystal 
growth without considering the 
contribution of diffusion 
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processes. However, reminerali-
zation is influenced by 
diffusion processes into the 
lesion as well (Silverstone and 
Wefel, 1981; Brudevold et al., 
1982). Previously the formation 
of arrested caries lesions has 
been ascribed to the precipi­
tation of mineral in the sur­
face layer of the lesion (Pot 
and Groeneveld, 1976; Ten Cate 
and Duijsters, 1982; Ten Cate 
et al. , 1988) . Thus a diffusion 
barrier might be formed, which 
prevents further remineraliza-
tion of the lesion, especially 
in the presence of fluoride. In 
principle, formation of a dif­
fusion barrier could also be 
responsible for decreases of 
remineralization in our experi­
ments. However, in the present 
study the rate of remineraliza­
tion seemed to be governed 
mainly by precipitation 
reactions, and much less by dif­
fusion. This view is justified 
as follows. A measure of the 
diffusion into the lesion could 
be the mineral content of the 
surface layer (MSL) . The initial 
MSL for most of the groups was 
not significantly different 
(p>0.05) from each other. So the 
initial diffusion is the same 
for most groups. During remine­
ralization the MSL changes 
(figure 4.2). If the diffusion 
through the surface layer would 
be the rate-determining factor 
for remineralization, one would 
expect that after a given time 
of remineralization a high ΔΔΑ-
value corresponded with a low 
AMSL-value, and vice versa. This 
is not the case as can be 
concluded from figure 4.2, d and 
e and table 4.2: a high ΔΔΑ was 
not accompanied by a low AMSL. 
Likewise the group with 0.03 ppm 
fluoride and 20 mmol/L carbo­
nate in the solution showed no 
significant increase in MSL 
during the experiment. Never­
theless, there was hardly any 
remineralization in that group 
(figure 4.2d and table 4.2). 
From this study, we con­
clude that the composition of 
the remineralization solution 
with respect to fluoride and 
carbonate concentrations, was 
important for the reminerali­
zation process. The effect of 
fluoride on the remineraliza­
tion was influenced by the 
amount of carbonate present, 
and vice versa. 
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ACID-SUSCEPTIBILITY OF LESIONS 
IN BOVINE ENAMEL AFTER 
REMINERALIZATION IN THE PRESENCE 
OF FLUORIDE AND/OR CARBONATE 
Abstract 
After de- and subsequent re-
mineralization at 0.03 and 1.0 
ppm fluoride and either 0 or 1 
or 10 or 20 or 25 mM carbonate, 
artificial lesions in bovine 
enamel were demineralized again. 
The amount of demineralization 
after remineralization was de­
termined after 15, 30 and 70 
h of demineralization by means 
of quantitative microradiogra­
phy. The results showed that 
fluoride incorporated during the 
remineralization period, retards 
lesion formation during demine­
ralization after remineraliza­
tion. Carbonate incorporated 
during the remineralization 
period, stimulates demineraliza­
tion after remineralization. An 
interaction between both ions 
was observed. 
Introduction 
Carious lesions in enamel can 
remineralize (Ten Cate and 
Arends, 1980; Koulourides and 
Cameron, 1980; Lammers et al., 
1990a, b). In in vitro studies 
it is shown that differences in 
the fluoride- and carbonate con­
centrations of the remineraliza­
tion solutions, are reflected 
in the composition (Blumenthal 
et al., 1975; Okazaki et al., 
1982; LeGeros and Tung, 1983) 
and the amount (Feagin et al., 
1977; Ten Cate and Arends, 1977; 
Lammers et al., 1990a, b) of 
remineralized enamel. These dif­
ferences may also influence the 
susceptibility of the reminera­
lized enamel for subsequent de­
mineralization. 
The caries reducing influence 
of fluoride is widely accepted 
(Brown et al., 1977; Feagin et 
al., 1980; Стфп, 1977; LeGeros 
et al., 1983; Moreno et al., 
1977; Okazaki et al., 1981а, e) . 
Incorporation of carbonate in 
apatites results in increased 
caries-susceptibility (Blumen­
thal et al., 1975; Gr^n et al., 
1963; LeGeros and Tung, 1983; 
Nelson, 1981; Okazaki et al., 
1981b). As fluoride and carbo­
nate have an opposite effect on 
caries-susceptibility, it is 
interesting to examine the pre­
sence of an interaction between 
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both compounds. 
The aim of this study was to 
investigate the influence of the 
presence of fluoride, carbonate, 
and fluoride in combination with 
carbonate, during remineraliza-
tion, on the demineralization 
after remineralization. 
Materials and methods 
Section- and lesion preparation 
-Ten groups of six enamel 
sandwiches were prepared as de­
scribed by Lammers et al. 
(1990a). The sandwiches were 
demineralized during 40-69 h at 
250C and pH 5.0 under stirring 
in a solution, containing 2.2 
mM Ca, 2.2 mM Ρ, 50 mM HAc and 
5 μΜ (0.1 ppm) fluoride. This 
solution was undersaturated with 
respect to hydroxyapatite (ОНА) 
(Van Dijk et al., 1979). 10 ml 
solution was used per sandwich. 
The solution was refreshed once 
a day. 
Äemineralization -The solutions 
used for remineralization con-
tained 1.54 mM Ca, 1.54 mM P, 
20 mM acetic acid/ammonium 
acetate buffer pH 6.8 and 0.03 
or 1.0 ppm fluoride at 250C. At 
each fluoride level, a concen-
tration of either 0 or 1 or 10 
or 20 or 25 mM carbonate was 
tested. The solutions with 0, 
1 and 10 mM carbonate were 
refreshed twice a day. The 
solutions with 2 0 and 2 5 mM 
carbonate were refreshed once 
a day. The solutions were adjus-
ted with KCl to obtain the same 
ionic strength of about 44 mM 
in order to simulate saliva 
(Shannon et al., 1974). 
Demineralization after reminera-
lization ( re-and subsequent 
demineralization) -Subsequent 
to the remineralization the 
sandwiches were demineralized 
during 70 h at 25°С under stir­
ring. The solution used for the 
second demineralization had the 
same chemical composition as the 
solution used for the deminera­
lization before remineralization 
(see above) . 10 ml solution was 
used per sandwich. The solution 
was refreshed once a day. 
Microradiography, -densitometry 
and data-handling -After 0, 15, 
30 and 70 h of demineralization, 
the sandwiches were washed in 
distilled water. Contact micro-
radiograms were made from these 
sections, using Cu-Ka radiation 
(Groeneveld, 1974; Theuns et 
al., 1984, 1985; Lammers et al., 
1990a, b). The density of the 
microradiographs was measured 
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quantitatively and transformed 
into mineral contents (vol%) as 
a function of depth (μιη) (Angmar 
et al., 1963; Lammers et al., 
1990a, b). From each sandwich 
2 or 3 scans were made at diffe­
rent locations. The lesion para­
meters (figure 5.1) obtained 
from these scannings were avera­
ged in order to obtain the va­
lues of the lesion parameters 
for that sandwich at that time. 
The values for the six sandwich­
es in one group at one time were 
averaged to obtain the values 
of the lesion parameters for 
that group at one time. Data 
were subjected to a two-way ana­
lysis of variance, combined with 
Tukey multiple comparisons in 
order to detect significant dif­
ferences between groups, as of­
ten an interaction between fluo­
ride and carbonate was observed. 
Residuals were checked for nor­
mality (as no serious deviations 
from normality could be found, 
the statistical analyses were 
allowed). For the parameters 
Δ Δ
Λΐβ«'
 A M S L d e » a n d A D T L d e » 
(tables 5.1, 5.2, 5.3 and 5.4) 
in each experimental group, a 
95% confidence interval for the 
mean was determined at one time 
in order to detect significant 
differences from 0 at that time. 
Results 
After re- and subsequent de-
mineralization, several groups 
showed laminated lesions, not 
existing after previous remine-
ralization. Figure 5.1 shows 
densitometric profiles for a 
lesion with such laminations, 
after 0 and 70 h of deminerali­
zation after remineralization. 
After 70 h of demineralization 
the 1.0 ppm fluoride groups, 
with exception of the 25 mM 
carbonate group, showed no demi­
neralization in the body of the 
lesion after remineralization. 
Table 5.2 shows the ΔΔ^>
β1Β 
(see table 5.1) after 15, 30 and 
70 h of re- and subsequent demi­
neralization for the ten groups. 
Demineralization of these ten 
groups of remineralized enamel 
revealed different demineraliza­
tion rates. The group reminera­
lized at 1.0 ppm fluoride and 
20 mM carbonate did not demine-
ralize at all. The group 
remineralized at 0.03 ppm fluo­
ride and 2 0 mM carbonate seemed 
to show little demineralization, 
but after 15 h of re- and subse­
quent demineralization this 
group showed already a lamina­
tion. For the groups, showing 
demineralization, the deminera­
lization rate is linear with 
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Fig. 5.1. Schematic drawing of the mineral content (voli) as a 
function of the depth (ßm) in enamel with a lesion after 610 h 
of remineralization (0-0) and after 70 h of demineralization 
following remineralization (A-Á). 
During this demineralization a laminated lesion was obtained. 
For notations, see table 5.1. 
demineralization time. 
In table 5.3 the AMSLdem (see 
table 5.1) and the MSL after re-
mineralization were shown. The 
changes in MSL during deminera-
lization after remineralization 
were not large, indicating that 
most of the demineralization 
occurred in the deeper parts of 
the lesion. This is also suppor-
ted by the value found for the 
parameter ^DTLdem (tables 5.1 
and 5.4). During demineraliza-
tion the DTL changed signifi-
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Δ Δ \ β 
ОНА 
FAP 
= mineral content (vol%) of the surface layer. 
= mineral content (vol%) of the surface layer after 
re- and subsequent demineralization minus the 
mineral content (vol%) of the surface layer after 
remineralization. 
= depth (/ш) of the surface layer. 
= depth (дт) of the total lesion. 
= depth (/im) of the total lesion after reminerali­
zation minus the depth (/m) of the total lesion after 
re- and subsequent demineralization. 
= mineral content (vol%) of the surface layer of the 
second lamination. 
= depth (firn) of the surface layer of the second 
lamination. 
= area (vol% χ μπι) above the profile of remineralized 
enamel. ΔΑ„ before the second demineralization is rem 
represented by the dashed field. See figure 5.1. 
= area (vol% χ μτη) above the profile after remine­
ralization minus the area (vol% χ μιη) above the 
profile after re- and subsequent demineralization. 
ΔΔΑ. after 70 h of demineralization is repre­
sented by the double dashed field (figure 5.1). 
This notation is a measure of the amount of demi­
neralization after remineralization. 
= area (vol% χ μιη) above the profile after demi­
neralization before remineralization minus the 
area (vol% χ μιη) above the profile after de- and 
subsequent remineralization. This notation is a 
measure of the amount of remineralization. 
= hydroxyapatite. 
= fluorapatite. 
cantly for some groups. 
In figure 5.2 ΔΔ ^
β Β
 after 
7 0 h of re- and subsequent 
demineralization is shown. The 
amount of demineralization 
increased with increasing 
carbonate concentration during 
remineralization, with the 
exception of the 20 mM carbonate 
groups. Fluoride from the 
remineralization solution 
retards demineralization after 
remineralization. 
Discussion 
Fluoride present during the 
remineralization of enamel re­
tards subsequent demineraliza­




Table 5.2. àAAdem (vol% χ μια; mean ± SD) after 15, 30 and 70 h 
of demineralization, following 610 h of remineral i ζ at ion. The 
amount of remineralization before demineralization is repre­
sented by the parameter АДА!гвт. η = 6. 
concentration ΔΔΑ ΔΔΑ, 
. . ι · » • rem ^ i during remmeralization 






















1663 t 416 
860 i 535 ab 
1127 ± 517 a 
912 l 106 ab 
875 ± 190 ab 
572 ± 279 abd 
372 ± 250 abed 
1911 ± 428 
726 ι 229 abd 
1498 l 241 
-359 ± 159 e 
-66 ± 225 ef & 
-272 ± 151 ef 
-46 ± 136 ef & 
-767 ± 302 
-186 ± 204 ef & 
-277 ± 203 ef L 
-6 ι 106 ef & 
-685 ± 210 
-210 ± 74 ef 
-602 ± 267 ef 
-112 ± 258 bef & 
-489 t 249 ef 
-48 ± 186 bcefg & 
-1047 t 325 
-263 t 255 ef & 
-504 1 150 ef L 
-1 l 128 bcefg & 
-1130 ± 237 L 
-158 ± 162 bef & 
-983 t 327 ef 
-229 t 266 bcefg & 
-1020 ± 296 ef 
-120 t 188 bcefg & 
-2132 t 661 L 
-712 ± 372 aef L 
-1220 ± 234 ef L 
69 ± 144 bcefg & 
-2489 t 266 L 
-709 ± 135 aef L 
statistical remarks F, C03, I F, C03 F, C03, I F, C03, I 
a: significantly (p<0.05) different from 1.0 ppm F, 20 mH C03; b from 0.03 ppm F, 0 mH СОЗ; с from 
0.03 ppm F, 1 mH C03; d from 1.0 ppm F, 25 mH C03; e from 0.03 ppm F, 10 mH СОЗ; f from 0.03 ppm F, 
25 mH C03; g from 0.03 ppm F, 20 mH C03. L: occurrence of a lamination. &: value of the parameter 
is not significantly (p>0.05) different from zero. 
Analysis of variance resulted (p<0.05) in: F = effect of fluoride; СОЗ = effect of carbonate; I = 
interaction between fluoride and carbonate. 
Table 5.3. AMSLdem (vol%; mean ± SD) after 15, 30 and 70 h 
of demineralization following 610 h of remineralization. 
MSL after 610 h of remineralization is shown too. η = 6. 
concentration MSL 
during remineralization 






















83.3 ± 2.3 bf 
80.3 ± 4.3 bf 
82.0 ± 2.2 bf 
79.5 ± 1.7 bf 
79.2 ± 0.9 bf 
80.0 ± 2.4 bf 
69.8 ± 3.3 
83.7 t 3.5 bf 
68.8 ι 3.6 
79.7 ± 2.6 bf 
-1.2 ± 2.4 & 
-2.8 t 2.6 
-1.0 ι 3.6 & 
1.6 ± 2.1 abe & 
-4.9 ± 3.7 
-2.9 ± 1.6 
3.3 ι 4.5 abcde& 
1.1 t 3.6 a & 
-4.1 ± 2.3 
-4.4 ± 1.1 
-1.3 t 1.8 & 
-1.3 ± 2.6 & 
0.3 t 2.2 a 
1.4 t 2.0 abe & 
-4.6 ± 2.7 
-0.6 t 1.9 & 
3.0 ι 3.2 abe & 
2.1 ± 2.2 abe & 
-4.3 ± 2.5 
•4.2 ± 2.4 
0.2 t 1.3 e & 
0.9 ± 4.6 e & 
1.7 t 0.7 be 
1.9 t 3.7 be & 
-1.9 t 4.0 & 
2.4 ι 2.2 be 
4.9 ± 2.4 abe 
3.7 ± 1.4 abe 
-4.4 ± 3.2 
-6.3 l 1.7 
statistical remarks F, C03, I C03 C03 C03 
a: significantly (p<0.05) different from 0.03 ppm F, 10 mM C03; b from 0.03 ppm F, 25 mM СОЗ; с 
from 1.0 ppm F, 0 пН СОЗ; d from 1.0 ppm F, 10 mM СОЗ; e from 1.0 ppm F, 25 пН СОЗ; f from 0.03 
ppm F, 20 mM СОЗ. &: value of the parameter is not significantly (p>0.05) different from zero. 
Analysis of variance resulted (p<0.05) in: F = effect of fluoride; COS = effect of carbonate; I 
= interaction between fluoride and carbonate. 
00 
И 
^ d e m 
30h 70h 
ω 
Table 5.4. ADTLj •'dem (V"™' m e a n - SD) after 15, 30 and 70 
zation following 610 h of remineralization. DTL after 610 h 
of deminerali-
of reminera­
lization and DSL2 (table 5.1) after 70 h of demineralization after remi­
neralization is shown for the groups forming a lamination during demine­





























-5.8 ± 2.9 
-1.8 ± 3.1 
-1.2 ± 3.1 
-0.8 ± 5.4 
-6.2 ± 1.8 
-9.3 t 8.1 
-14.0 ± 4.1 
0.5 ± 3.9 
-13.2 ± 6.0 
-4.2 ± 2.5 






^ е л , 
30h 
-10.5 t 3.4 ab 
-4.8 ι 7.3 abd & 
-9.3 t 4.0 ab 
-2.5 t 3.7 abed & 
-16.5 t 3.6 b 
-14.5 t 9.1 b 
-22.3 l 3.3 
1.0 t 3.6 abedef & 
-28.8 ± 3.6 
-5.3 ι 6.2 abd & 

































118 ± 19.3 
110 ± 12.1 
115 t 16.2 
104 l 4.2 
103 t 6.0 
D S L2 
105 t 18.1 
105 t 15.1 
100 t 13.8 
91 ± 5.3 
101 ± 5.6 
a: significantly (p<0.05) different from 0.03 ppm F, 20 пМ СОЗ; b from 0.03 ppm F, 25 mH C03; с from 1.0 ppm F, 10 
mM C03; d from 0.03 ppm F, 10 n*t C03; e from 0.03 ppm F, 1 iirt СОЗ; f from 0.03 ppm F, 0 mM СОЗ; g from 1.0 ppm F, 
25 mM СОЗ. &: value of the parameter is not significantly (p>0.05) different from zero. 
Analysis of variance resulted (p<0.05) in: F = effect of fluoride; СОЗ = effect of carbonate; I = interaction be­
tween fluoride and carbonate. 



















 (voli χ μm; mean ± SD) after 70 h of demine-
ralization following remineralization. Remineralization was 
carried out at 0.03 ppm fluoride (Α-A) and 1.0 ppm fluoride (·-
·) at various carbonate concentrations. Bars indicate SD. n=6. 
a: significantly (p<0.05) different from 1.0 ppm F, 20 mM C03; 
b from 0.03 ppm F, 0 mM C03; с from 0.03 ppm F, 1 mM CO3; d from 
1.0 ppm F, 25 mM C03; e from 0.03 ppm F, 10 mM C03; f from 0.03 
ppm F, 25 mM co3; g from 0.03 ppm F, 20 mM C03. 
This protecting influence of 
fluoride against demineraliza-
tion is widely recognized (Brown 
et al., 1977; Feagin et al., 
1980; Сгфп, 1977; LeGeros et 
al., 1983; Moreno et al. , 1977; 
Okazaki et al., 1981а, e). 
Under the demineralization 
conditions used, the influence 
of fluoride may be the result 
of the fact that the mineral 
deposited, contained fluorapati-
te (FAP) , which is less soluble 
than ОНА under these conditions 
(Brown et al., 1977) . So if FAP 
is present in or on the surfaces 
of enamel crystals, there will 
be less demineralization. FAP 
may be present as a direct 
result of the preceeding 
remineralization or as a result 
of transformation reactions 
occurring during the deminerali­
zation after the preceeding 
remineralization. 
The retarding influence on 
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demineralization by fluoride, 
is not detectable in the surface 
layer (table 5.3) . Possibly this 
effect is overruled by repreci-
pitation of mineral coming from 
the deeper parts of the lesion. 
In accordance with this view is 
the positive value of AMSLdem, 
found for some groups after 70 
hours of re- and subsequent de-
mineralization (table 5.3). In 
fact the part of the lesion, 
from the surface layer up to the 
body of the lesion, is not demi-
neralized in the groups with 
1.0 ppm fluoride in the remine-
ralization solutions, with the 
exception of the 25 mM carbonate 
group. This is concluded from 
the observation that the mineral 
content and the depth of the 
body of the lesion does not 
change during re- and subsequent 
demineralization. 
The protective influence of 
fluoride is found in the deeper 
parts of the lesion too (table 
5.4). ADTLdem for the groups 
with 1.0 ppm fluoride in the 
remineralization solutions are 
smaller than for the other 
groups. The protection against 
demineralization after reminera-
lization in these parts of the 
lesions, can possibly be caused 
by the presence of small (as the 
amount of remineralized enamel 
in the deeper parts of the 
lesion is small) amounts of 
fluoride from the remineraliza-
tion solutions. Another 
possibility is that some 
fluoride from the less deeper 
parts of the lesion dissolves 
during demineralization after 
remineralization and diffuses 
into the deeper parts of the 
lesion, where it has a retarding 
effect on demineralization. 
In addition, there is the in-
fluence of carbonate present du-
ring the remineralization of 
enamel. In the group with 0.03 
ppm fluoride in the reminerali-
zation solution, the amount of 
demineralization after reminera-
lization increased with increa-
sing amounts of carbonate (figu-
re 5.2, tables 5.2 and 5.4), 
with the exception of the group 
at 20 mM carbonate. 
The decrease in the total 
amount of demineralization for 
the 20 mM carbonate group at 
0.03 ppm fluoride is misleading: 
as it is not indicative for the 
presence of a precipitated mine-
ral (remineralization) that is 
less sensitive to solubiliza-
tion. In this group, only a 
small amount of mineral precipi-
tated during remineralization 
(table 5.2, column 3) . This 
amount dissolves quickly. Within 
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15 hours of demineralization af­
ter remineralization, still the 
amounts of mineral found after 
the demineralization before the 
remineralization, are present 
at the crystal surfaces over the 
whole depth of the lesion, 
except for the deeper parts, 
where a lamination starts to 
form. This is concluded from the 
values of the ΔΔ\
β 1 Β and ΔΔΑαββ 
(table 5.2) and the observation 
that the mineral content and the 
depth of the body of the lesion 
does not differ before reminera­
lization and after 15 h of re-
and subsequent demineralization. 
Further demineralization up to 
70 h leads mainly to loss of 
mineral behind the lamination, 
where as the rate of deminerali­
zation decreases. At that stage 
the remineralized enamel has 
disappeared all. Therefore the 
decrease in rate of deminerali­
zation can not be due to less 
solubilization of remineralized 
enamel. 
In the groups with 1.0 ppm 
fluoride in the remineralization 
solutions, the same trend is 
found with increasing carbonate 
concentrations as in the 0.03 
ppm fluoride groups: higher 
amounts of carbonate during re­
mineralization cause less stabi­
lity of the enamel against an 
acid attack. 
The finding that the amount 
of carbonate, present in the 
enamel, results in a decrease 
in the stability of the enamel, 
has been reported earlier. It 
is thought to be caused by ef­
fects on the crystallite proper­
ties: as a reduction in size 
(increase in surface area), a 
change in morphology and an in­
crease in strain, and weaker 
chemical bonds (Сгфп et al., 
1963; Blumenthal et al., 1975; 
Nelson, 1981; Okazaki et al., 
1981b; LeGeros and Tung, 1983) . 
These effects are counteracted 
by fluoride (LeGeros and Tung, 
1983) : incorporation of fluoride 
in enamel results in an increase 
in crystallite size (decrease 
in surface area) and a decrease 
in strain (LeGeros and Tung, 
1983). But crystallinity and 
solubility of fluorcarbonated 
apatites do not correlate al­
ways, as shown for synthetic 
carbonated apatites (Okazaki et 
al., 1981b). The solubility of 
fluorcarbonated apatites is af­
fected by the fluoride content 
as well (Okazaki et al., 1981a). 
At 1.0 ppm fluoride, in the 
20 mM carbonate group no demi­
neralization is shown at all. 
We suggest that this is a conse­
quence of different mineral pha-
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ses, precipitated in the groups 
during remineralization. At 20 
mM carbonate, a direct precipi­
tation of a fluorcarbonated 
apatite might have occurred (Mc-
Connell, 1973; Vignoles et al., 
1975) , which can dissolve. This 
dissolution is directly followed 
by a local precipitation of FAP, 
which is more stable under the 
conditions used. At 25 mM carbo­
nate, a fluorcarbonated apatite 
and another carbonated compound 
like calcite (Naessens et al., 
1989) may have precipitated 
together. During demineraliza-
tion both compounds can dissol­
ve. Some reprecipitation may 
occur, but as the amount of 
fluorcarbonated apatite is 
smaller than the amount formed 
during remineralization at 20 
mM carbonate, a smaller protec­
tive influence occurs, resulting 
in more demineralization as com­
pared with the 20 mM carbonate 
group. In this way the two 
groups mentioned show how carbo­
nate and fluoride interact in 
these cases. 
Several groups show a lamina­
tion in the original mineral du­
ring the demineralization (ta­
bles 5.2 and 5.4), in the neigh­
bourhood of the initial DTL. The 
occurrences of laminations is 
thought to be related to discon­
tinuous reprecipitation at the 
front of the initial lesions 
(Kostlan, 1962; Koulourides, 
1981; Sato and Yamamoto, 1986) 
caused either by transformation 
processes (Theuns, 1987a) or by 
specific adsorption of fluoride 
(Hoppenbrouwers et al., 1987), 
in such a way that the discon­
tinuity is caused by differences 
in the rate of penetration be­
tween acids and fluoride ions. 
The differences in deminera­
lization rates are explained 
here in terms of factors concer­
ning dissolution and reprecipi­
tation properties of the enamel 
mineral. The porosity of the 
lesion, and related with this 
the diffusion rates of the demi­
neralization solutions into the 
lesion, seems to have much less 
rate-determining influence on 
the demineralization after remi­
neralization. This hypothesis 
is supported by the following 
observations. 
Firstly the correlation coeffi­
cient r between ΔΑ„_ after 610 
геш 
h of remineralization and AAAdea 
after 70 h of demineralization 
after remineralization was not 
significant (p>0.05) for most 
groups, with exception of the 
group remineralized at 0.03 
ppm fluoride and 10 mM carbo­
nate. If diffusion processes 
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would be rate-determining for 
the demineralization, one would 
expect significant correlations 
between ΔΑ after reminerali-
zation (measure for the porosity 
of the lesion) and ДДА
авт
 after 
re- and subsequent demineraliza­
tion (measure for the amount of 
demineralization) for all 
groups. 
Secondly the MSL after 610 h of 
remineralization is not signifi­
cantly different (p>0.05) for 
most groups, except for the 
MSL of the group remineralized 
at 0.03 ppm fluoride and 20 mM 
carbonate and 25 mM carbonate 
(table 5.3). So the rate of 
diffusion of the demineraliza­
tion solutions into the lesion, 
determined by this MSL (Theuns, 
1987b), is not significantly 
different for most groups and 
will have less influence on 
the demineralization of the 
enamel than the chemical 
stability of the enamel and 
reprecipitations reactions. 
From this study it can be 
concluded that the composition 
of the remineralized enamel con­
tributes to the acid-susceptibi­
lity of the remineralized le­
sions. The presence of fluori­
de counteracts the effect of the 
presence of carbonate. There is 
a certain interaction between 
fluoride and carbonate, reflec­
ted in no greater demineraliza­
tion at 1. 0 ppm fluoride for the 
20 and 25 mM carbonate groups 
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INFLUENCE OF FLUORIDE AND PH 
ON IN VITRO REMINERALIZATION 
OF BOVINE ENAMEL 
Abstract 
Subsurface lesions in bovine 
enamel slices were reminerali-
zed. The remineralization solu-
tions contained either 0.03 or 
0.3 or 1.0 ppm fluoride at 
either pH 5.5 or 6.8. The amount 
of remineralization was determi-
ned after periods up to 610 h, 
using quantitative microradio-
graphy . 
The results showed that after 
126 h of remineralization in the 
presence of 0.03 ppm fluoride 
significantly (p<0.05) more 
remineralization occurred at pH 
6.8 than at pH 5.5. At 0.3 and 
1.0 ppm fluoride no significant 
differences between pH 5.5 and 
6.8 were observed. An interac-
tion between fluoride and the 
pH was observed. The observed 
differences in the rates of 
remineralization are explained 
by events observed in other 
studies during crystal growth 
experiments. 
Introduction 
Remineralization of carious 
lesions in enamel is possible 
(Ten Cate and Arends, 1977, 
1980; Ten Cate, 1979; Silver-
stone et al., 1981; Larsen et 
al., 1989) . Clinically this pro-
cess is very important as it 
counteracts the process of 
demineralization (Backer Dirks, 
1966; Pot and Groeneveld, 1976; 
Koulourides and Cameron, 1980). 
In vivo remineralization occurs 
by the medium saliva (Koulouri-
des et al., 1965). However the 
ability of individuals to remi-
neralize enamel differs within 
and between people. This is not 
strange as saliva and plague 
differ in composition between 
and within people. 
Two differences in composi-
tion of probable importance in 
relation to remineralization are 
the fluoride concentration 
(0.01-1.0 ppm) and pH (McCann, 
1968; Jenkins, 1978; Driessens, 
1982) . A number of studies re-
ported about the influence of 
fluoride on crystal growth and 
on remineralization of enamel 
(Meyer and Nancollas, 1972; 
Eanes and Meyer, 1978; Eanes, 
1980; Ten Cate and Arends, 1977; 
Ten Cate and Duijsters, 1982; 
Lammers et al., 1990a, b). Both 
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a stimulating influence of 
fluoride on remineralization 
and an inhibiting influence on 
remineralization have been re­
ported in the above mentioned 
literature. Most remineraliza­
tion studies have been carried 
out at a pH around 7. This is 
the pH of resting saliva and 
plague (McCann, 1968; Jenkins, 
1978; Driessens, 1982; Jensen 
and Schachtele, 1983) . However 
during an acid attack, the pH 
of plague decreases to an acid 
pH, to increase to the resting 
pH-level as the acid is removed 
or neutralized. Depending on the 
type of foods consumed (Jensen 
and Schachtele, 1983), the pH 
of the plague may reach a value 
of about 5 to 6 for some time, 
during this process. It is the 
question if at these pH's remi­
neralization may occur, although 
crystal growth studies showed 
that precipitation at these pH's 
is possible ( Barone et al., 
1976; Barone and Nancollas, 
1978a, b). 
The aim of this study was to 
investigate the influence of 
fluoride and pH on remineraliza­
tion. 
Materials and methods 
Section- and lesion preparation. 
-Thirty-six slices with a 
thickness of about 125 дт were 
cut from sound bovine incisors 
perpendicular to the labial 
surface. Sandwiches were pre­
pared from these slices as 
described elsewhere (Lammers et 
al., 1990a). The sandwiches 
were demineralized during 40-
69 h at 250C under stirring in 
a solution, containing 2.2 mM 
Ca, 2.2 mM Ρ, 50 mM HAc and 5 
μΜ (0.1 ppm) fluoride, pH 5.0. 
This solution was undersaturated 
with respect to hydroxyapatite 
(ОНА) (Van Dijk et al., 1979). 
The solution was refreshed every 
day. 10 ml solution was used per 
sandwich. 
Remineralization. -After demi-
neralization the sandwiches 
were washed in distilled water 
and divided into six groups. 
These groups were subjected for 
610 hours to remineralization 
solutions at 25 "С, containing 
1.54 mM Ca, 1.54 mM Ρ, 20 mM 
acetic acid/ammonium-acetate 
buffer at pH 6.8. At pH 5.5. the 
solutions contained 5.5 mM Ca, 
5.5 mM Ρ and 20 mM acetic acid/ 
ammonium-acetate buffer. At both 
pH's either 0.03 or 0.3 or 1.0 
ppm fluoride was added. The 
solutions were adjusted with 
KCl to obtain the same ionic 
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strength in all solutions of 
about 44 mM in order to simulate 
saliva (Shannon et al., 1974) 
The solutions at pH 6.8 were 
refreshed twice a day in order 
to avoid the influence of spon­
taneous precipitation reactions 
on the composition of the solu­
tions. The solutions at pH 5.5 
were refreshed once a day. The 
solutions were stirred at 150 
rpm. Per sandwich 34 ml solution 
was used. The solutions simula­
ted the oral environment for 
fluoride (saliva and plaque) 
and pH ((un)stimulated condition 
and a certain value during food 
consumption) (McCann, 1968; 
Jenkins, 1978; Driessens, 1982; 
Jensen and Schachtele, 1983). 
The solutions at pH 6.8 were 
saturated, i.e. in equilibrium, 
with respect to octacalcium 
phosphate (OCP; pI0Cp 68.6) and 
brushite (DCPD; pIDCpD6.69) and 
supersaturated with respect to 
hydroxyapatite(OHA; рІ 0 Н Д 100.3) 
and fluorapatite (FAP; PlFAp 
97.7, 95.7 and 94.7 for 0.03, 
0.3 and 1.0 ppm fluoride respec­
tively) . At pH 5.5 the solutions 
were saturated, i.e. in equili­
brium, with respect to brushite 
(DCPD; pIDCpD 6.69) and super­
saturated with respect to hydro-
xyapatite (0HA;pI0HA 108.3) and 
fluorapatite (FA; pIPÄ 103.2, 
101.2 and 100.2 for 0.03, 0.3 
and 1.0 ppm fluoride respecti-
vely) (Driessens, 1982). 
The pi-values above were 
obtained by mathematical calcu-
lations, using the extended 
Debye-Huckel formula (Robinson 
and Stokes, 1970) . 
Microradiography/ microdensito-
metry. -AtO, 22, 62, 126, 192, 
329 and 610 hours of reminerali-
zation contact microradiographs 
of the sandwiches and an alumi-
nium stepwedge were made, using 
Cu-Ka radiation (Groeneveld, 
1974; Theuns et al., 1984, 1985; 
Lammers et al., 1990a, b). The 
density of the microradiographs 
was measured quantitatively and 
transformed in mineral contents 
(vol%) as a function of depth 
(μιη) (Angmar et al., 1963; Lam­
mers et al., 1990a, b ). 
Data handling. -The lesion 
parameters obtained from the 
scannings were averaged. The 
averaged values revealed the 
values of the lesion parameters 
for one sandwich at one time. 
These values for the sandwiches 
in one group were averaged to 
obtain values for that group. 
Data were subjected to two-
way analysis of variance, com­
bined with Tukey multiple compa-
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risons in order to detect signi­
ficant differences between the 
groups, as sometimes an inter­
action between fluoride and pH 
was observed. Residuals were 
checked for normality (as no 
serious deviations from nor­
mality could be found, the 




the enamel slices showed 
subsurface lesions. In figure 
6.1, a schematic drawing of the 
mineral content as a function 
of depth for an enamel slice 
with a subsurface lesion, is 
shown. 
The remineralization solu­
tions, differing in pH and fluo­
ride concentrations, are all 
able to induce remineralization 
(table 6.2) . At 0.03 ppm fluori­
de significantly more reminera­
lization occurred after 126 h 
of remineralization at pH 6.8 
than at pH 5.5. At 0.3 and 1.0 














1 D C P D 
P I O C P 
mineral content (vol%) of the surface layer. 
mineral content (vol%) of the surface layer after 
de- and subsequent remineralization minus the mineral 
content (vol%) of the surface layer after demine­
ralization. 
area (vol% χ дт) above the profile of treated enamel. 
ΔΑ after demineralization is represented by the dashed 
field. See figure 6.1. 
area (vol% χ /ш) above the profile after demine­
ralization minus area (vol% χ дт) above the profile 
after de- and subsequent remineralization. ΔΔΑ 
after some remineralization is represented by the 
double dashed field (figure 6.1). This notation is 
a measure of the amount of remineralization. 
hydroxyapatite. 
fluorapatite. 
fluoride containing hydroxyapatite. 
brushite. 
octacalcium phosphate. 
negative logarithm of the ionic product of ОНА. 
negative logarithm of the ionic product of FAP. 
negative logarithm of the ionic product of DCPD. 
negative logarithm of the ionic product of OCP. 
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Mineral content (vol 7«) 
MSL 
— • D e p t h (yum) 
Fig. 6.1. Schematic drawing of the mineral content fvo^,) as a 
function of the depth (μια) in enamel with a subsurface lesion. 
For abbreviations, see table 6.1. Measurements were done after 
demineralization (·-·) and after de- and subsequent reminera-
lization (A-A). 
ppm fluoride remineralization 
was found to be the same for 
both pH's. At pH 5.5, the 
presence of 0.3 ppm fluoride 
tended to cause a maximum in 
remineralization rate. At pH 
6.8, the presence of О . 3 and 1. 0 
ppm fluoride caused an inhibi­
tion of the remineralization, 
tending to increase with 
increasing fluoride concentra­
tions (table 6.2). 
In table б. 3 the mean AMSL.__ 
is shown at several reminerali­
zation times for both pH's and 
the three fluoride levels. At 
both pH's the AMSL
reB at 0.3 ppm 
fluoride showed the largest va­
lue as compared with the AMSL
reM 
at 0.03 and 1.0 ppm fluoride. 
The remineralization (ΔΔΑ».-,, 
(vol% χ μιη) ) after 610 hours at 
both pH's and at the three fluo­
ride levels, is shown in figure 
6.2. In this figure the maximum 
in remineralization rate in the 
presence of 0.3 ppm fluoride and 
at pH 5.5, and the inhibiting 
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Table 6.2. А Д ^
е т
 Cvol% χ μια; mean ± SD) after 22, 62, 126, 192, 329 and 
610 h of remineral izat ion at either pH 5.5 or pH 6.8 and either 0.03 or 
0.3 or 1.0 ppm fluoride. n=6. AAd be fore r e m i n e r a l i z a t i o n i s shown t o o . 
solution 
pH f (ppm) 
^ е п , 
22h 62h 126h 
rem 
192h 329h 610h 
5.5 0.03 3288 ± 470 27 l 88 233 ± 147 269 ± 252 434 ± 181 484 ± 173 694 ± 216 
5.5 0.3 3542 t 937 196 t 212 346 ± 199 396 t 203 604 ± 255 887 ± 142 1152 ± 261 
5.5 1.0 3380 t 764 225 l 92 222 ± 195 422 ± 219 485 ± 258 b 768 t 344 825 ± 436 b 
6.8 0.03 3097 t 511 268 t 220 494 t 146 748 ± 239 a 958 ± 223 a 1194 ± 333 a 1663 ± 416 a 
6.8 0.3 2721 t 310 139 ± 9 9 337 ± 207 468 ± 202 697 t 211 898 ± 200 1205 ± 259 
6.8 1.0 3005 ± 724 344 t 168 a 329 ± 150 399 ± 277 602 ±364 730 ± 418 860 ± 535 b 
stat ist ical ns ns ns pH, I pH pH, I pH, I , F 
remarks 
a : s i g n i f i c a n t l y ( p < 0 . 0 5 ) d i f f e r e n t from pH 5 . 5 , 0 . 0 3 ppm f l u o r i d e ; b from pH 6 . 8 , 0 . 0 3 ppm f l u o r i d e . 
Analysis of variance resulted in (p<0.05): pH = effect of pH; F = effect of fluoride; I = interaction between pH and 
F; ns = no significant difference. 
Table 6.3. AWSL
rem
 (volk; mean ± SD) after 22, 62, 126, 192, 329 and 
610 h of remineralization at either pH 5.5 or pH 6.8 and either 0.03, 
0.3 or 1.0 ppm fluoride. MSLdem before remineralization is shown too. 
η = 6. 
solution MSLdem AMSLri em 
pH F (ppm) 22h 62h 126h 192h 329h 61 Oh 
5.5 0.03 70.2 t 3.3 1.8 ±1.5 4.0 ±1.3 4.3 ±1.5 4.7 ±1.8 5.2 ±1.7 6.7 ±1.9 
5.5 0.3 69.1 ι 6.4 8.1 ± 5.2 a 9.3 t 4.6 11.9 t 5.8 a 12.5 ± 5.4 a 13.6 ± 6.5 a 13.5 ± 6.4 
5.5 1.0 69.8 ± 6.0 8.8 ± 3.3 a 9.1 ± 2.9 10.9 ± 2.6 11.3 ± 3.3 a 10.2 ± 4.7 8.9 ± 4.6 b 
6.8 0.03 71.2 ± 2.6 4.6 ± 4.1 6.0 ± 3.2 b 9.4 ± 3.4 9.3 ± 2.8 11.2 ± 2.1 12.1 ± 4.3 
6.8 0.3 63.9 ± 4.5 8.8 ± 2.2 a 12.7 ± 3.7 a 12.6 ± 4.6 a 15.8 ± 4.4 a 17.2 ± 3.4 a 16.9 ± 4.7 a 
6.8 1.0 69.5 ± 4.5 8.7 ± 1.7 a 8.4 ± 1.6 8.3 ± 3.0 9.8 ± 3.7 11.6 ± 5.0 10.8 ± 4.5 
statistical ns F F F F pH, F pH, F 
remarks 
a: significantly (p<0.05) different from pH 5.5, 0.03 ppm fluoride; b from pH 6.8, 0.3 ppm fluoride. 
Analysis of variance resulted in (p<0.05): F = effect of fluoride; pH = effect of pH; ns = no significant difference. 
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0.33 1.00 
FLUORIDE (ppm) 
Fig. 6.2. ΔΔΛ^.^ (vol* χ μπι; mean ± SD) after 610 hours of 
remineralization at either 0.03 or 0.3 or 1.0 ppm fluoride and 
pH 5.5 (Α-A) and pH 6.8 (Φ-·) . Bars indicate SD. n=6. a: 
significantly different (p<0.05) from 0.03 ppm fluoride, pH 5.5; 
b from 0.03 ppm fluoride, pH 6.8. 
influence of fluoride on remine­
ralization at pH 6.8 is visuali­
zed. 
Discussion 
In the presence of 0.03 ppm 
fluoride more remineralization 
occurred at pH 6.8 than at pH 
5.5 (table 6.2, figure 6.2). 
This observation may be explai­
ned by events observed in other 
studies during crystal growth 
experiments. At 0.03 ppm fluori­
de and pH 6.8 the solutions are 
just saturated, i.e. in equili­
brium with respect to OCP and 
DCPD, and supersaturated with 
respect to ОНА and FAP 
(Driessens, 1982) . Reminerali­
zation may occur by initial 
formation of OCP followed by a 
transformation into a fluoride 
containing hydroxyapatite , 
(F)0HA. The studies of Eanes 
(1980), of Eanes and Meyer 
(1978) and of Driessens et al. 
(1987) support this view. At 
0.03 ppm fluoride and pH 5.5 the 
solutions are just saturated, 
i.e. in equilibrium with respect 
to DCPD but not with respect to 
100 
OCP and supersaturated with 
respect to ОНА and FAP (Dries-
sens, 1982). Remineralization 
may occur by formation of DCPD, 
even though the solutions are 
supersaturated with respect to 
ОНА and FAP. This pathway is in 
accordance with findings 
reported by Barone et al. (1976) 
and by Barone and Nancollas 
(1978a, b) : Barone et al. (1976) 
reported DCPD-formation and no 
OHA-formation at pH 5.0 within 
24 hours, indicating that even 
though the solutions at acid pH 
were supersaturated with respect 
to ОНА, no direct OHA-formation 
was observed. 
If these mechanisms hold, it 
appears that at 0.03 ppm fluor­
ide the OCP-pathway, occurring 
at pH 6.8 , isa quicker pathway 
than the DCPD-pathway at pH 5.5. 
The fact that at pH 6.8 the 
amount of supersaturation with 
respect to ОНА is greater than 
at pH 5.5 may contribute to the 
observed difference too. This 
is supported by Barone et al. 
(197 6) as mentioned above. 
At 0.3 and 1.0 ppm fluoride 
no significant differences be­
tween both pH's were observed. 
Apparently fluoride influenced 
the crystal growth pathways at 
both pH's in such a way that the 
amounts of remineralization ap­
proached each other at both 
fluoride levels. The mechanism 
by which fluoride influences the 
rate of remineralization at both 
pH's may be explained in the 
following way: 
At pH 6.8, in the presence 
of 1.0 ppm fluoride and possibly 
in the presence of 0.3 ppm fluo­
ride too, very locally in the 
outer part of the lesion, the 
fluoride concentration can beco­
me so high that the OCP is by­
passed in favor of direct preci­
pitation of F-apatites (Dries-
sens, 1986). As a consequence 
the concentration of fluoride 
in the penetrating solution in 
the deeper pores decreases. The 
local conditions in these pores 
change at the expense of direct 
F-apatite precipitation. Now 
mineral can only precipitate via 
OCP-formation, followed by a 
transformation into (F)OHA. In 
addition the local fluoride 
concentrations may be high 
enough to retard OCP-formation, 
resulting into a net lower remi­
neralization in the presence of 
1.0 ppm fluoride, and possibly 
in the presence of 0.3 ppm fluo­
ride too, in comparison with 
0.03 ppm fluoride (table 6.2 and 
figure 6.2). These proposed 
pathways are in agreement with 
findings in the literature 
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(Eanes and Meyer, 1978; Eanes, 
1980) . 
At pH 5.5 precipitated DCPD 
is able to react with fluoride 
in order to form (F)OHA (Chow 
and Brown, 1974) . With increa­
sing amounts of fluoride in the 
solutions, a decrease in the 
amount of DCPD as fraction of 
the precipitated phase was ob­
served, while a more basic 
calcium phosphate phase precipi­
tated (Barone and Nancollas, 
1978b). Accordingly, in our 
experiments at 0.3 ppm fluori­
de the net amount of reminerali-
zation increased, as the forma­
tion of DCPD and (F)OHA from 
DCPD was stimulated. At 1.0 ppm 
fluoride only the formation of 
(F)OHA was stimulated. The 
formation of DCPD in the preci­
pitated phase decreased and 
the formation of a more basic 
calcium phosphate phase in­
creased. For this reason, the 
ability of the surface to act 
as a template for secondary 
DCPD-nucleation decreased, re­
sulting in a decrease in the net 
amount of remineralization as 
compared with 0.3 ppm fluoride. 
In the previous sections, the 
findings are explained by events 
observed in other studies during 
crystal growth experiments. The 
contribution of diffusion pro­
cesses, which influence the ra­
te of remineralization as well 
(Brudevold, 1982; Silverstone 
and Wefel, 1981) is thought to 
be of only minor importance for 
the following reason. An impor­
tant parameter for the diffusion 
into the lesion is the mineral 
content of the surface layer 
(MSL) (Theuns, 1987). The ini­
tial MSL for all groups was 
found to be not significantly 
different (p>0.05) from each 
other. So the initial diffusion 
is expected to be the same for 
all groups. During remineraliza­
tion MSL changed (table 6.3). 
If the diffusion through the 
surface layer would be the rate-
determining factor for reminera­
lization, one would expect that 
after a given time of reminera­
lization a low AMSL-value cor­
responded with a high ΔΔΑ-value 
and vice versa. This was not 
observed: table 6.3 (0.03 ppm 
fluoride, pH 5.5; and 0.3 ppm 
fluoride at pH 5.5 and 6.8) , and 
table 6.2 (last column: 0.03 ppm 
fluoride, pH 5.5; and 0.3 ppm 
fluoride at pH 5.5 and pH 6.8) . 
From this study, it can be 
concluded that the pH causes 
only a significant difference 
in the rate of remineralization 
of tooth enamel at a low fluori­
de concentration (0.03 ppm). 
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There is an interaction between 
fluoride and pH: the course of 
the influence of fluoride on 
remineralization depends on 
the pH of the remineralization 
solution. 
With microradiographical 
analyses only changes in the 
amount of mineral at various 
locations in the lesion and in 
the total lesion can be deter-
mined. Therefore, although the 
amounts of remineralization 
are known, it is not known 
whether the precipitation mecha-
nisms during the remineraliza-
tion as described here, apply. 
To obtain more precise informa-
tion, other analysis techniques 
as microprobe analyses of the 
enamel or Secondary Ion Mass 
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ACID-SUSCEPTIBILITY OF LESIONS 
IN BOVINE ENAMEL AFTER 
REMINERALIZATION AT DIFFERENT 
PH'S AND IN THE PRESENCE OF FLUORIDE 
Abstract 
Sound bovine enamel slices 
were demineralized at pH 5.0. 
The lesions created in this way, 
were remineralized at either 
pH 5.5 or pH 6.8. The reminera-
lization solutions contained 
either 0.03 or 0.3 or 1.0 ppm 
fluoride. Then the remineralized 
slices were demineralized at pH 
5.0 to investigate the acid-
susceptibility of the reminera-
lized lesions, by means of quan-
titative microradiography. 
The results indicate that 
fluoride, incorporated during 
the preceding remineralization, 
has a retarding effect on the 
demineralization after reminera-
lization, and that the inhibiting 
influence of fluoride depends 
on the pH of the remineraliza-
tion solutions used. 
Introduction 
Carious lesions in enamel 
have the ability to remineralize 
(Ten Cate and Arends, 1980; 
Koulourides and Cameron, 1980; 
Lammers et al., 1990a, b) . 
In vitro studies showed that 
differences in the fluoride con-
centration of the remineraliza-
tion solutions are reflected in 
the composition and the amount 
(Ten Cate and Arends, 1977; Ten 
Cate and Duijsters, 1982; Lam-
mers et al., 1990a, b) of remi-
neralized enamel. Crystal growth 
studies indicated that the pH 
of the solutions determine the 
composition of the precipitated 
mineral (Barone et al., 1976; 
Barone and Nancollas, 1978a, b; 
Eanes and Meyer, 1978; Eanes, 
1980). These differences in 
precipitated mineral may also 
influence the susceptibility of 
the precipitated mineral for 
subsequent demineralization. 
The caries reducing influence 
of fluoride is widely recognized 
(e.g. Brown et al., 1977). In 
crystal growth studies precipi-
tation of mineral at either pH 
5.5 or pH 6.8 resulted in ini-
tial formation of either DCPD 
or OCP (Barone et al., 1976; 
Barone and Nancollas, 1978a, b; 
Eanes and Meyer, 1978; Eanes, 
1980) . In the presence of fluo-
ride, these precursors can 
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transform into fluoride contai­
ning hydroxyapatites (F)OHA 
(Chow and Brown, 1974; Dries-
sens, 1986). As the amount of 
fluoride incorporated during 
remineralization may depend on 
the pH of the remineralization 
solution, it is interesting to 
examine the acid-susceptibility 
of mineral precipitated at dif­
ferent pH's, with and without 
the presence of fluoride during 
remineralization. The aim of 
this study was therefore to 
investigate the influence of the 
pH and fluoride concentration 
of the remineralization solu­
tions on the demineralization 
after remineralization. 
Materials and methods 
Section and lesion preparation 
-Thirty-six slices with a 
thickness of about 125 μιη were 
cut from sound bovine incisors 
perpendicular to the labial sur­
face. Sandwiches were prepared 
from these slices as described 
elsewhere (Lammers et al., 
1990a). The sandwiches were 
demineralized during 40-69 h at 
250C under stirring in a solu­
tion, containing 2.2 mmol/L 
Ca, 2.2 mmol/L P, 50 mmol/L HAc 
and 5 μιηοΐ^ (0.1 ppm) fluoride, 
pH 5.0. This solution was under-
saturated with respect to hydro-
xyapatite (ОНА) (Van Dijk et 
al., 1979). The solution was 
refreshed every day. 10 ml solu­
tion was used per sandwich. 
Remineralization -Remineraliza­
tion was studied at either pH 
5.5 or pH 6.8 and at 250C. The 
solution at pH 5.5 contained 5.5 
mmol/L Ca, 5.5 mmol/L Ρ and 20 
mmol/L acetic acid/ammonium-
acetate buffer. The solution at 
pH 6.8 contained 1.54 mmol/L Ca, 
1.54 mmol/L P, 20 mmol/L acetic 
acid/ammonium-acetate buffer. 
At both pH's either 0.03 or 0.3 
or 1.0 ppm fluoride was added. 
The solutions at pH 5.5 were 
refreshed once a day. The solu­
tions at pH 6.8 were refreshed 
twice a day in order to avoid 
the influence of spontaneous 
precipitation reactions on the 
composition of the solutions. 
The solutions were adjusted with 
KCl to obtain the same ionic 
strength of about 44 mmol/L in 
order to simulate saliva (Shan­
non et al., 1974). 
Demineralization after reminera­
lization (re- and subsequent de-
mineralization) - Subsequent 
to the remineralization the 
sandwiches were demineralized 
during 70 h at 250C under stir­
ilo 
ring. The solution used for 
the second demineralization had 
the same chemical composition 
as the solution used for the 
demineralization before remine-
ralization (see above). 10 ml 
solution was used per sandwich. 
The solution was refreshed once 
a day. 
Microradiography, -densitometry 
and data-handling -After 0, 15, 
30 and 70 h of demineralization, 
the sandwiches were washed in 
distilled water. Contact micro-
radiograms were made from these 
sections, using Cu-Ka radiation 
(Groeneveld, 1974; Theuns et 
al., 1984, 1985; Lammers et al., 
1990a, b). The density of the 
microradiographs was measured 
quantitatively and transformed 
into mineral contents (vol%) as 
a function of depth (μιη) (Angmar 
et al., 1963; Lammers et al., 
1990a, b). From each sandwich 
2 or 3 scans were made at diffe­
rent locations. The lesion 
parameters (figure 7.1) obtained 
from these scannings were avera­
ged in order to obtain the va­
lues of the lesion parameters 
for that sandwich at that time. 
The values for the six sandwich­
es in one group at one time were 
averaged to obtain the values 
of the lesion parameters for 
that group at one time. Data 
were subjected to a two-way 
analysis of variance, combined 
with Tukey multiple comparisons 
in order to detect significant 
differences between groups, as 
often an interaction between 
fluoride and the pH was obser­
ved. Residuals were checked for 
normality (as no serious 
deviations from normality could 
be found, the statistical analy­
ses were allowed) . For the para­
meters AA^em' ^MS4lem an<* 
ADTLdem (tables 7.1, 7.2, 7.3 
and 7.4) in each experimental 
group, a 95% confidence interval 
for the mean was determined at 
one time in order to detect 
significant differences from 0 
at that time. 
Results 
After re- and subsequent de­
mineralization, two groups of 
sandwiches showed enamel with 
laminated lesions. In figure 7.1 
a densitometric profile for a 
typical lesion with a lamination 
is shown, after 0 and 70 h of 
demineralization. The groups re-
mineralized at 0.3 and 1.0 ppm 
fluoride showed no significant 
changes in the body of the le­
sion during the demineraliza­
tion. The groups remineralized 
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Fig. 7.1. Schematic drawing of the mineral content (voli) as a 
function of the depth (цт) in enamel with a lesion after 610 h 
of remineralization (0-0) and after 70 h of demineralization 
following remineralization (A-A). 
During this demineralization a laminated lesion was obtained. 
For notations, see table 7.1. 
at 0.03 ppm fluoride showed a 
decrease of the mineral content 
of the body of the lesion and 
an increase of the depth of the 
body of the lesion during the 
demineralization. Where the pH 
5.5 group reaches values indica­
ting that all the remineralized 
mineral has been disappeared 
during the demineralization and 
even more. 
Table 7.2 shows the ΔΔΑ
αβΒ 
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Table 7.1. Notations 
MSL = mineral content (vol%) of the surface layer. 
AMSLden = mineral content (vol%) of the surface layer af­
ter re- and subsequent demineralization minus the 
mineral content (vol%) of the surface layer after 
remineralization. 
= depth (μπι) of the surface layer. 
= depth (/ш) of the total lesion. 
ADTLdee = depth (/m) of the total lesion after reminerali­
zation minus the depth (μιη) of the total lesion 
after re- and subsequent demineralization. 
= mineral content (vol%) of the surface layer of 
the second lamination. 
= depth (μη) of the surface layer of the second 
lamination. 







ΔΑ before the second deminerali­




 = area (vol% χ μιη) above the profile after remine­
ralization minus the area (vol% χ μιη) above the 
profile after re- and subsequent demineralization. 
AAAdem after 70 h of demineralization is represen­
ted by the double dashed field (figure 7.1). ΔΔΑ
α β β 






 = area (vol% χ μιη) above the profile after deminera­
lization before remineralization minus the area (vol% 
χ μιη) above the profile after de- and subsequent re-
mineralization. ΔΔΑ is a measure of the amount 
of remineralization. 
ОНА = hydroxyapatite. 
FAP = fluorapatite. 
(F)OHA = fluoridated hydroxyapatite. 
DCPD = brushite. 
OCP = octacalcium phosphate. 
DOHA = defective hydroxyapatite. 
demineralization = demineralization after remineralization. 
after 15, 30 and 70 h of demine­
ralization for the six groups. 
Demineralization of these six 
groups of remineralized enamel 
revealed different deminerali 
zation rates. The group remine­
ralized at pH 5.5 and 1.0 ppm 
fluoride did not demineralize 
at all. With the exception of 
the group with 0.03 ppm fluori­
de, all preparations reminera­
lized at pH 6.8 showed a higher 
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acid-susceptibility for subse­
quent demineralization than 
those remineralized at pH 5.5. 
Within each pH-group deminerali­
zation after remineralization 
decreased with increasing 
amounts of fluoride present du­
ring remineralization. 
In table 7.3 the AMSLdea and 
the MSL after remineralization 
are shown. The changes in MSL 
during demineralization were al­
ways small. This indicates that 
most of the demineralization oc­
curred in the deeper parts of 
the lesion. 
This is in agreement with the 
values found for ADTL. (table 
7.4) . For most groups this para­
meter is significantly different 
from zero and the trends of the 
changes in DTL after 70 h of de­
mineralization (table 7.4) cor­
respond to the trends of the 
changes in the value of the pa­
rameter M A d e a (table 7.2) , with 
the exception of the groups re-
mineralized at pH 6.8 and 0.3 
ppm fluoride, where lamination 
occurred. 
In figure 7.2 ΔΔΑ
αββ
 after 
70 h of demineralization is 
shown. The amount of deminera­
lization decreased with increa­
sing fluoride concentration du­
ring remineralization. A point 
of intersection occurs between 
0.03 and 0.3 ppm fluoride. 
Discussion 
Fluoride present during the 
remineralization of enamel re­
tards subsequent demineraliza­
tion (table 7.2 and figure 7.2). 
This protecting influence of 
fluoride against demineraliza­
tion has been frequently repor­
ted in literature (Brown et al., 
1977; Moreno et al., 1977; Fea-
gin et al., 1980; Okazaki et 
al., 1981a, b). 
Different pathways may occur 
for remineralization and these 
may be related to the differen­
ces in the amounts of deminera­
lization found for the prepara­
tions in table 7.2. The groups 
remineralized at pH 5.5 (0.03 
ppm fluoride), may have formed 
DCPD as initial mineral precur­
sor (Barone et al., 1976; Barone 
and Nancollas, 1978a, b). Proba­
bly DCPD transforms spontaneous­
ly into a defective ОНА (DOHA) 
(Kaufman and Kleinberg, 1977) . 
However at pH 6.8 (0.03 ppm 
fluoride) remineralization may 
occur by initial formation of 
OCP (Driessens et al., 1987; 
Kanes and Meyer, 1978; Eanes, 
1980). Probably OCP transforms 
spontaneously into another de­
fective ОНА. The data of table 
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Table 7.2. AAAdeiii ( оІЧ χ μια; mean ± SD; η=6) after 15, 30 and 70 h 




















694 ± 216 
1152 ± 261 
825 ± 436 
1663 ι 416 
1205 l 259 
860 ± 535 





-506 ± 184 
-150 ± 156 a & 
46 ± 109 ab 4 
-359 ± 159 
-133 ± 188 a & 





-856 t 208 
-146 t 176 ab & 
111 ± 125 abc & 
-602 t 267 
-290 ι 231 a 
-157 ± 228 ab & 
F, I 
70h 
-1762 ± 464 L 
-347 l 203 ab 
14 l 90 abc & 
-983 t 327 a 
-613 ι 213 a L 
-260 t 229 ab 
F, I 
: ΔΔΑ.--. (volX χ μη; mean ± SD; n=6) represents the amount of remi nera l i zat i on before demineral i zat i on. 
a: significantly (p<0.05) different from pH 5.5, 0.03 ppm fluoride; b from pH 6.8, 0.03 ppm fluoride; 
с from pH 6.8, 0.3 ppm fluoride. L: occurrence of a lamination. &: value of the parameter is not signifi­
cantly (p>0.05) different from zero. 
Statistical remarks: analysis of variance resulted (p<0.05) in: pH = significant effect of pH; F = sig­
nificant effect of fluoride; I = significant interaction between pH and fluoride. 
Table 7.3. AMSLdem ( оІЧ; mean ± SD; n=6) after 15, 30 and 70 h 
of demineralization, following 610 h of remineralization. 
solution MSL AMSL.^, 
rem dem 














76.9 t 3.8 
82.6 ± 2.2 
78.6 ± 3.3 
83.3 t 2.3 a 
80.8 t 3.9 
80.3 ± 4.3 
-0.7 t 1.7 & 
-1.0 l 1.4 & 
1.5 t 2.8 b & 
-1.2 ± 2.4 a 
-1.3 t 1.1 
-2.8 ± 2.6 
-0.6 ± 3.9 & 
0.3 t 3.2 & 
2.5 ± 1.6 
-1.3 ± 1.8 & 
-1.2 ± 2.5 & 
-1.3 ± 2.6 & 
2.3 l 3.6 & 
0.8 l 3.2 & 
3.8 ± 2.4 
0.2 ± 1.3 & 
-1.4 ± 1.6 ft 
0.9 l 4.6 ft 
statistical I pH, I ns ns 
remarks 
__ 
: MSL (vol%; mean ± SD; n=6) after 610 h of remineralization. 
a: significantly (p<0.05) different from pH 5.5, 0.03 ppm fluoride; b from pH 6.8, 1.0 ppm fluoride. 
ft: value of the parameter is not significantly (p>0.05) different from zero. 
Statistical remarks: analysis of variance resulted (p<0.05) in: pH = significant effect of pH; I = 
significant interaction between pH and fluoride; ns = no significant effect. 
Table 7.4. ADTLdem (μιπ; mean ± SD; n=6) after 25, 30 and 70 h of demi-



















r e » 
123 ι 10.3 
104 ι 5.6 
DSL 2 
112 ± 9.4 
94 ± 5.9 
дотц 
"dem 
15h 30h 70h 
-8.5 ± 5.6 
-5.3 ι 3.4 
-1.5 * 3.3 а & 
-5.8 ± 2.9 
-5.0 ± 3.5 
-1.8 l 3.1 а & 
-16.8 ± 4.8 
-8.0 ± 3.5 а 
-2.2 ± 2.5 ab & 
•10.5 ± 3.4 
•45.7 ± 9.2 L 
18.3 ± 6.6 а 
-5.2 ± 6.6 abc & 
26.7 ± 7.2 a 
-12.0 ± 6.1 -27.3 ± 3.6 a L 
-4.8 ± 7.3 a ft -11.8 ι 12.0 abc & 
statistical 
remarks 
F, I f , I 
w
: DTL (im; mean t SD; n=6) after 610 h of remineralization for the groups with a lamination. 
: DSL2 C/un; mean ± SD; n=6) after 70 h of demi nera l i zat i on for the groups with a lamination. 
a: significantly (p<0.05) different from pH 5.5, 0.03 ppm fluoride; b from pH 6.8, 0.3 ppm fluoride; с from pH 
6.8, 0.03 ppm fluoride. L: occurrence of a second lamination, ft: value of the parameter is not significantly 
(p>0.05) different from zero. 
Statistical remarks: analysis of variance resulted (p<0.05) in: F = significant effect of fluoride; I = 
significant interaction between pH and fluoride. 
-ή— — 















 fvol% χ μιπ; mean ± SD) after 70 h of deminera-
lization following remineralìzation. Remineralìzation was carried 
out at either pH 5.5 or pH 6.8. At both pH's either 0.03 or 0.3 
or 1.0 ppm fluoride was tested. Bars indicate SD. n=6. a: 
significantly (p<0.05) different from pH 5.5, 0.03 ppm fluoride; 
Ь from pH 6.8, 0.03 ppm fluoride; с from pH 6.8, 0.3 ppm fluoride. 
For notations, see table 7.1. 
7.2 show that the amount of de-
mineralization at 0.03 ppm fluo­
ride is less at pH 6.8 than at 
pH 5.5. Therefore, at first site 
one might conclude that a mine­
ral precipitated at pH 5.5 (for­
med out of DCPD, probably DOHA) 
(Kaufman and Kleinberg, 1977), 
is more soluble than a mineral 
precipitated at pH 6.8 (formed 
out of 0СР,probably another de­
fective ОНА) . However, this does 
not hold completely, as in the 
pH 5.5 group within 30 h of 
demineralization all the remine-
ralized mineral has disappeared 
and the crystallites present be­
fore the remineralìzation are 
demineralized as well. This is 





 (table 7.2) and 
the observation that the mineral 
content of the body of the 
lesion decreases and the depth 
of the body of the lesion 
increases during demineraliza­
tion. 
In the presence of higher 
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amounts of fluoride (0.3 or 1.0 
ppm) during remineralization at 
pH 5.5, DCPD reacts directly 
with fluoride to form (F)OHA 
(Chow and Brown, 1974). Under 
these conditions more (F)OHA is 
expected to be formed with in­
creasing fluoride concentrations 
during remineralization, as in 
previous precipitation studies 
it was found that with increa­
sing amounts of fluoride, the 
amount of DCPD as fraction in 
the precipitated phase decreased 
(Barone and Nancollas, 1978b). 
Brown et al. (1977) mentioned 
that under demineralization con­
ditions as used in the present 
study, (F)OHA and FAP are less 
soluble than ОНА. So in our ex­
periment this would result in 
a decrease of the amount of 
demineralization after reminera­
lization with increasing fluo­
ride concentrations during re­
mineralization, as was observed 
(table 7.2 and figure 7.2). 
During remineralization at 
pH 6.8 and in the presence of 
higher amounts of fluoride (0.3 
or 1.0 ppm) the initial precur­
sor OCP can be transformed into 
a fluoride containing hydroxya-
patite ((F)ОНА) (Driessens et 
al., 1987; Eanes and Meyer, 
1978; Eanes, 1980). The more 
fluoride is present, the more 
(F)OHA will be formed and the 
less demineralization is expec­
ted to occur (see above). The 
results in the present study 
corroborate this. 
At 0.3 and 1.0 ppm fluoride 
the amount of demineralization 
in the groups remineralized at 
pH 6.8 tends to be more than in 
the groups remineralized at pH 
5.5. Probably this is caused by 
the higher amount of fluoride 
present in the remineralized 
mineral at pH 5.5 as compared 
with the remineralized mineral 
at pH 6.8. For the transforma­
tion of DCPD into (F)OHA is a 
quick process and more rapid 
than the reaction of OCP with 
fluoride (Chow and Brown, 1974). 
Probably the first reaction 
proceeds through dissolution-
precipitation, whereas the 
latter proceeds through solid-
state solution (Brown et al., 
1979). 
The protective influence of 
fluoride on demineralization is 
found most clearly in the deeper 
parts of the lesion (table 7.4, 
ADTL)Jem) . Therefore the trends 
of changes in ΔΔΑ
α β β
 (table 7.2) 
at each fluoride level for both 
pH's correspond to the trends 
of changes in the value for the 
parameter ΔθΤ^
β Β Ι
 (table 7.4). 
ADTLdea decreases with increa-
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sing fluoride concentration. The 
protection in these parts of the 
lesions, may be caused by the 
presence of small (as the amount 
of precipitated mineral in the 
deeper parts of the lesion is 
small) amounts of fluoride from 
the remineralization solutions. 
Another possibility is that some 
fluoride from the less deeper 
parts of the lesion dissolves 
during the demineralization and 
diffuses into the deeper parts 
of the lesion, where it has a 
protective influence. 
The retarding effect of fluo­
ride on demineralization, is not 
detectable in the surface layer 
(table 7.3). Possibly the pro­
tecting effect of fluoride is 
masked by reprecipitation of 
mineral coming from the deeper 
parts of the lesion. 
For the pH 5.5 and 0.03 ppm 
fluoride group, within 30 h of 
demineralization all the preci­
pitated mineral has disappeared. 
This is concluded from the va­
lues of the ДА\
в в
 and ΔΔΑ^^ 
(table 7.2) and the observation 
that the depth of the body of 
the lesion has increased during 
demineralization. Further demi­
neralization up to 70 h leads 
to loss of mineral mainly in the 
deeper parts of the lesion 
( Δ Δ Ααβ«' t a b l e 7· 2'· A D T Lde-'· 
table 7.4), where a lamination 
starts to form. In fact two of 
the six groups show a lamina­
tion, at a depth near the 
initial DTL. The occurrences 
of laminations is thought to be 
related to discontinuous 
reprecipitation of mineral at 
the front of the initial lesions 
(Kostlan, 1962; Koulourides, 
1981; Sato and Yamamoto, 1986) , 
caused either by transformation 
processes (Theuns, 1987a) or by 
specific adsorption of fluoride 
(Hoppenbrouwers et al., 1987), 
in such a way that the discon­
tinuity is caused by differences 
in the rate of penetration 
between acids and fluoride ions. 
The differences in the 
amounts of demineralization in 
the present study were explained 
in terms of factors concerning 
dissolution and reprecipitation 
properties of the enamel mine­
ral. The porosity of the lesion, 
and related with this the diffu­
sion rates of the demineraliza­
tion solutions into the lesion, 
will have much less rate-deter­
mining influence on the demine­
ralization after remineraliza­
tion. This hypothesis is suppor­
ted by the following observa­
tions. Firstly, the correlation 
coefficient r between ΔΑ 
rem 
after 610 h of remineralization 
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(measure for the porosity of the 
lesion) and ΔΔ^
ί β Β
 at 70 h of 
demineralization after remine­
ralization was not significant 
(p>0.05) for most groups. 
Secondly, the MSL after 610 h 
of remineralization, which is 
an important parameter for the 
diffusion of acid into the le­
sion (Theuns, 1987b), is not 
significantly different (p>0.05) 
for most groups, except for the 
MSL of the group remineralized 
at pH 6.8 and 0.03 ppm fluoride, 
which is different from the 
group remineralized at pH 5.5 
and 0.03 ppm fluoride (table 
7.3) . 
Summarizing, it can be con­
cluded from this study that 
the presence of fluoride during 
remineralization decreases the 
amount of demineralization 
thereafter. The amount of fluo­
ride incorporated during the 
remineralization and thereby the 
rate of demineralization after 
remineralization, is influenced 
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SUMMARY AND CONCLUSIONS. 

SUMMARY AND CONCLUSIONS 
In chapter 1, an introduction 
is presented. In this chapter 
it is described that tooth ena-
mel of erupted teeth may con-
tain (F)OHA in the surface 
layer, and NCCA, DOL and SCOHA 
in the deeper layers. During 
an acid attack NCCA, DOL and 
SCOHA will dissolve. Some repre-
cipitation of mineral via DCPD 
and (F)OHA may occur. However, 
acid penetration continues and 
a carious lesion develops. This 
process is inhibited by fluori-
de. In addition attention is 
paid to the process of remine-
ralization by which the process 
of caries can be reversed. Some 
factors of importance for the 
remineralization are the fluo-
ride and carbonate concentra-
tions, and the pH of the remi-
neralization solution. 
The chapter finishes with a 
description of the aims of the 
present study: 
1) to investigate the in 
vitro remineralization of arti-
ficial carious lesions resem-
bling the natural carious le-
sions, in order to get more 
information about the reaction 
mechanisms of remineralization. 
2) to study the in vitro 
remineralization under condi-
tions simulating the oral envi-
ronment with respect to the 
fluoride and carbonate concen-
tration, the pH, and the degree 
of saturation of the reminerali-
zation solution. 
3) to determine the acid-
susceptibility of the mineral, 
precipitated during reminerali-
zation. 
Chapter 2 describes the in-
fluence of fluoride on in vitro 
remineralization of lesions with 
a relatively low mineral content 
of the surface layer, in enamel 
blocks. It was found that fluo-
ride (2 ppm) , added to the remi-
neralization fluid, retarded the 
remineralization in the first 
50 ¿m of the lesions. Fluoride 
had no significant effect on the 
remineralization of the deeper 
parts of the lesion. 
This retarding influence of 
fluoride on the in vitro remine-
ralization of demineralized bo-
vine enamel was also found in 
in vitro remineralization expe-
riments with enamel slices 
(sandwiches) with subsurface 
lesions (chapter 3). Under these 
conditions the retardation by 
fluoride occurred in the whole 
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lesion. The difference in effect 
by fluoride, described in chap­
ter 2 and 3, is explained as 
follows. The enamel slices 
described in chapter 3 were 
demineralized in the presence 
of fluoride. The enamel blocks 
described in chapter 2 were 
demineralized in the absence of 
fluoride. When the remineraliza-
tion starts, no fluoride is pre­
sent in the surface layer of the 
lesions in enamel blocks. So the 
fluoride present in the remine-
ralization solution will inter­
act strongly with the mineral 
in this part of the lesion. This 
delays the penetration of fluo­
ride into the deeper parts of 
the lesion strongly. Therefore 
its interaction will be limited 
mainly to the surface layer of 
the lesion in enamel blocks. 
Chapter 4 describes the in­
fluence of two components of 
saliva and plaque, fluoride and 
carbonate, on the remineraliza-
tion of subsurface lesions at 
pH 6.8 in enamel sandwiches. At 
low fluoride levels (0.03 ppm), 
carbonate (1-25 mM) had a retar­
ding influence on the reminera-
lization (See also figure 8.1). 
Without carbonate and at low (1 
mM) and moderate (10 mM) carbo­
nate levels, high fluoride le­
vels (1.0 ppm) had a retarding 
influence on the remineraliza-
tion. A stimulation of remine-
ralization was observed at high 
fluoride (1.0 ppm) and high car­
bonate (20 and 25 mM) levels, 
indicating a mutual influence 
of fluoride and carbonate on the 
remineralization process. 
It was hypothesized that at 
pH 6.8 the initial precursor of 
mineral is octacalcium phosphate 
(OCP). OCP can be transformed 
into hydroxyapatite, fluoridated 
((F) ОНА) or not (ОНА). Fluoride 
can accelerate this transforma­
tion. At high amounts of fluori­
de the OCP stage of precipita­
tion is bypassed in favor of a 
direct precipitation of F-apa-
tites. As fluoride is consumed 
for the precipitation of (F)OHA, 
the fluoride concentration in 
the deeper parts of the lesion 
decreases. The local conditions 
in the pores of the deeper parts 
of the lesion are more in favor 
of intermediate OCP formation, 
retarded by the presence of 
moderate fluoride levels. The 
formation of OCP is followed by 
transformation into fluoride 
containing hydroxyapatite 
((F) ОНА). These conditions 
result in a net lower reminera­
lization in the presence of 
high fluoride concentrations (1 
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ppm) in comparison with low 
concentrations (0.03 ppm). 
Carbonate may retard remine-
ralization either by influencing 
the formation of the mineral 
precursor and/or by an effect 
on the centres of secondary 
crystal growth. At high carbo­
nate (20 and 25 mM) and high 
fluoride (1.0 ppm) levels, there 
may be a quick precipitation of 
mineral, possibly francolite, 
in analogy to the formation of 
carbonated-apatites in in vitro 
systems. At 25 mM carbonate, the 
precipitation of francolite is 
probably accompanied by the 
precipitation of other carbona­
ted compounds like calcite, 
which are known to precipitate 
in the presence of fluoride as 
well. In this way, a mutual in­
fluence of fluoride and carbo­
nate on the remineralization 
process was explained. 
Chapter 5 describes the acid-
susceptibility of mineral, pre­
cipitated at pH 6.8 in the pre­
sence of fluoride and carbonate 
(chapter 4) (See also figure 
8.1) . It was found that fluori­
de, incorporated during the 
remineralization period, re­
tarded lesion formation during 
demineralization after reminera­
lization. This influence may 
be the result of the fact that 
the mineral, deposited, may 
contain fluorapatite (FAP), 
which is less soluble than ОНА 
under the demineralization con­
ditions used. FAP may be present 
as a direct result of the prece­
ding remineralization or as a 
result of transformation reac­
tions, occurring during the 
demineralization after the 
preceding remineralization. 
Carbonate, incorporated 
during the remineralization 
period, facilitated deminerali­
zation after remineralization. 
It was argumented from previous 
studies in literature that this 
is caused by effects on the 
crystallite properties: a reduc­
tion in size, a change in mor­
phology, an increase in strain, 
and weaker chemical bonds. Under 
conditions that the precipitated 
mineral contains francolite 
(high fluoride and high carbo­
nate concentrations; chapter 4), 
the precipitated mineral seems 
to be acid-resistent at first 
sight during the subsequent de­
mineralization. However, it 
must be kept in mind that this 
mineral could also have been 
dissolved, directly followed by 
a local precipitation of FAP. 
The mineral precipitated at high 
fluoride and high carbonate con-
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centrations, containing fran-
colite and calcite, is less 
acid-resistent, as less precipi-
tation of FAP may occur. This 
explains why there is an inter-
action between fluoride and 
carbonate. 
Chapter 6 describes the 
remineralization of subsurface 
lesions in enamel sandwiches at 
pH 5.5 and 6.8 in the presence 
of fluoride (See also figure 
8.2). At low fluoride levels 
(0.03 ppm), more remineraliza-
tion occurred at pH 6.8 than at 
pH 5.5. It was hypothesized that 
at pH 5.5 precipitation of 
dicalcium phosphate dihydrate 
(DCPD) occurs and that this 
pathway is a less quick pathway 
than the OCP-pathway at pH 6.8. 
At moderate (0.3 ppm) and high 
(1.0 ppm) fluoride levels no 
significant differences between 
the two pH's were observed. As 
the effect of fluoride is diffe-
rent at different pH. At pH 6.8 
increasing amounts of fluoride 
in the remineralization solution 
resulted in decreasing rates of 
remineralization. The mean 
reason for this phenomenon was 
already explained in chapter 4. 
At pH 5.5 a trend with a maxi-
mum in remineralization rate was 
observed at a moderate fluoride 
level. DCPD, precipitated at pH 
5.5, is able to react with fluo-
ride, resulting in (F)OHA. At 
moderate fluoride levels (0.3 
ppm) , the formation of DCPD and 
(F)OHA from DCPD is stimulated. 
At high fluoride levels (1.0 
ppm) only the formation of 
(F)OHA was stimulated. The 
amount of DCPD in the precipita-
ted phase decreases. For this 
reason the ability of the surfa-
ce to act as a template for 
secondary DCPD-precipitation 
seems to decrease. This will 
result in a decrease in remine-
ralization rate at 1.0 ppm 
fluoride when compared with 
remineralization at 0.3 ppm 
fluoride. 
Chapter 7 describes the acid-
susceptibility of mineral preci-
pitated at either pH 5.5 or pH 
6.8 in the presence of either 
0.03 or 0.3 or 1.0 ppm fluoride 
(chapter 6) (See also figure 
8.2). At both pH's fluoride, 
incorporated during the prece-
ding remineralization period, 
had a retarding effect on lesion 
formation during demineraliza-
tion after remineralization. The 
pH influenced the acid-suscepti-
bility of precipitated mineral. 
Lesions remineralized at pH 5.5 
and 0.3 or 1.0 ppm fluoride were 
130 
more acid-resistent, than 
lesions remineralized at pH 6.8 
and 0.3 or 1.0 ppm fluoride 
(interaction between pH and 
fluoride). The mineral, precipi­
tated at pH 5.5, seems to con­
tain higher amounts of fluoride 
than the mineral, precipitated 
at pH 6.8. Probably the trans­
formation of DCPD into (F)OHA 
is a quick process and more 
rapid than the reaction of OCP 
with fluoride. 
The mineral, precipitated at 
pH 5.5 and 0.03 ppm fluoride 
(probably defective hydroxyapa-
tite (DOHA), formed out of 
DCPD), appears to be slightly 
less acid-resistent than the 
mineral, precipitated at pH 6.8 
and 0.03 ppm fluoride (probably 
another defective ОНА, formed 
out of OCP). 
The findings of the experi­
ments (chapter 2-7) were ex­
plained by events observed in 
crystal growth and dissolution 
experiments. The occurrence of 
these events in our experiments 
is hypothetical as with microra­
diography only the total amount 
of mineral and no mineral phases 
can be observed. The contribu­
tion of diffusion processes, 
which influence the rate of re-
and demineralization as well 
are thought to be of minor 
importance in the present study. 
The chemical conditions, used 
in the present study for the 
remineralization experiments of 
chapter 4 and 6 simulated the 
conditions of the oral environ­
ment with respect to: 
- The supersaturation of 
saliva and plaque with respect 
to ОНА, and saturation with 
respect to OCP and DCPD. 
- The pH-values: pH 6.8 
represents the mean pH-value of 
saliva and plaque during resting 
(= no food consumption) saliva 
conditions. pH 5.5 represents 
the pH-value of saliva and pla­
que reached during consumption 
of certain foods. 
- The fluoride concentration: 
0.03 ppm fluoride represents the 
mean concentration in saliva. 
0.3 ppm fluoride represents the 
mean concentration of ionized 
fluoride in plaque in areas with 
unfluoridated drinking water. 
1.0 ppm fluoride represents the 
mean concentration of ionized 
fluoride in plaque in areas with 
fluoridated drinking water. 
- The carbonate concentra­
tion: Unstimulated saliva con­
tains less than 10 mM bicarbo­
nate. Stimulated saliva contains 
10 mM bicarbonate or more. 
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The chemical conditions, used 
to determine the acid-suscepti­
bility (chapter 5 and 7) of the 
precipitated mineral were used 
to simulate the oral deminerali-
zation conditions (chapter 1: 
figure 1.2). 
In the in vivo de- and remi-
neralization far more factors 
are involved than studied in the 
present study. Nevertheless the 
results of an important in vivo 
study seem to agree with the 
results of the present study. 
Pot and Groeneveld (Ned Tijdschr 
Τ 83: 464-471, 1976) reported 
in a clinical study that the 
number of repaired white spots 
in areas with fluoridation of 
drinking water is smaller than 
the number in nonfluoridated 
areas. This is in agreement with 
the present study, as far as 
remineralization at pH 6.8 and 
either low or moderate carbonate 
levels is concerned. 
The main results of the remi­
neralization and acid-suscepti­
bility experiments of the pre­
sent study are summarized in 
figure 8.1 and 8.2. From these 
figures one can concluded that 
the ideal composition of saliva 
and plaque will be: 
1) high fluoride, and high 
carbonate levels, and satura­
tion with respect to OCP and 
DCPD, combined with a high pH 
(no consumption of fermentable 
foods). 
Or 
2) either moderate or high 
fluoride levels, and saturation 
with respect to OCP and DCPD, 
combined with a slightly acid 
pH of 5-6 (consumption of cer­
tain foods). 
These general conclusions 
from the present study can be 
used to distinguish advantageous 
behavior from disadvantageous 
behavior with respect to caries 
better than was possible hither­
to. This can be amplified in the 
following examples: 
- It is said that the use of 
chewing gum without fermentable 
sugars or sweeteners is advanta­
geous. This is true as far as 
this cleans the tooth surface 
from plague. But although during 
chewing the saliva flow is sti­
mulated, which is accompanied 
by an increase of the carbonate 
levels, the latter aspect is 
only advantageous when simulta­
neously enough fluoride is pro­
vided. 
- It is said that no sweet 
snacks between the meals should 
be used in order to limit the 
number of acid attacks on the 
























































Fig. 8.1. Schematic representation of the amount of remineralization 
after 610 hours (0) and the amount of demineralization after 70 
hours of subsequent demineralization (A). Remineralization was 
measured at pH 6.8 and either 0.03 or 1.0 ppm fluoride. At both 
fluoride levels either 0 or 1 or 10 or 20 or 25 mM carbonate was 
tested. The solutions were just saturated with respect to DCPD 
and OCP. The more signs within a block, the more re- or subse­
quent demineralization has occurred. The value of the reminera­
lization signs is proportional to the value of the demineraliza­
tion signs. 
remin = period of remineralization. 
demin = period of demineralization after remineralization. 
cannot maintain such a strict 
rule. In such a case, it is 
advantageous to use snacks and 
beverages like cheese or milk. 
During consumption of these the 
pH of the plague is between 5 
and 6. Then remineralization is 
possible (figure 8.1 and 8.2). 
The consumption of such snacks 
and beverages would be more 
advantageous when simultaneously 
enough fluoride is provided. 
- It is said that the use of 


































Fig. 8.2. Schematic representation of the amount of reminera­
lization after 610 hours (O) and the amount of demineralization 
after 70 hours of subsequent demineral ization (A) . Remineralization 
was measured at either pH 5.5 or pH 6.8 and either 0.03 or 0.3 
or 1.0 ppm fluoride. The solutions were just saturated with respect 
to DCPD and OCP. The more signs within a block, the more re- or 
subsequent demineralization has occurred. The value of the 
remineralization signs is proportional to the value of the 
demineralization signs. 
remin = period of remineralization. 
demin = period of demineralization after remineralization. 
fluoride tablets, as well as the 
use of fluoridated drinking 
water is advantageous. Apart 
from the fact that fluorosis, 
tooth mottling and other side 
effects can occur during the use 
of too much fluoride, according 
to the present study there is 
an additional reason for redu­
cing the amount of fluoride in 
combined treatments: too high 
fluoride levels will reduce the 
rate of in vivo remineralization 
of carious lesions too much. 
The reader is invited to 
resolve more of such practical 
questions with the help of the 
results of the present study. 
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CHAPTER 9 
SAMENVATTING EN CONCLUSIES. 

SAMENVATTING EN CONCLUSIES 
In hoofdstuk 1 wordt een in­
leiding gepresenteerd. In dit 
hoofdstuk wordt beschreven dat 
tandglazuur van doorgebroken 
tanden (F)ОНА in de oppervlakte 
laag, en NCCA, DOL en SCOHA in 
de diepere lagen bevat. Tijdens 
een zuur aanval zullen NCCA, DOL 
en SCOHA oplossen. Daarbij 
treedt reprecipitatie van 
mineraal via DCPD en (F) ОНА op. 
Zuur penetratie gaat echter door 
en er ontwikkelt zich een ca-
rieuze lesie. Dit proces wordt 
geremd door fluoride. 
Bovendien wordt er aandacht ge­
schonken aan het proces van 
remineralisatie, waardoor het 
proces van caries omgekeerd 
wordt. Enkele factoren, die van 
belang zijn voor het proces van 
remineralisatie, zijn de 
fluoride- en carbonaatcon-
centraties en de pH van het 
remineralisatie-mediura. 
Het hoofdstuk eindigt met een 
beschrijving van de doelen van 
de studie in kwestie: 
1) de in vitro remineralisatie 
van artificiële carieuze lesies, 
die op de natuurlijke carieuze 
lesies lijken, onderzoeken, met 
de bedoeling om meer informatie 
over de reactie-mechanismen van 
de remineralisatie te verkrij-
gen. 
2) de in vitro remineralisatie 
bestuderen onder omstandigheden, 
die het orale milieu simuleren 
met betrekking tot de fluoride-
en carbonaatconcentratie, de 
pH en de verzadigingsgraad van 
de remineralisatie-oplossing. 
3) de zuurbestendigheid van 
het mineraal bepalen, dat tij-
dens de remineralisaties gepre-
cipiteerd is. 
Hoofdstuk 2 beschrijft de 
invloed van fluoride op de in 
vitro remineralisatie van lesies 
met een relatief laag mineraal-
gehalte in de oppervlakte-laag, 
in glazuurblokjes. Er werd ge-
vonden dat fluoride (2 ppm) , dat 
aan de remineralisatie-vloeistof 
toegevoegd was, de remineralisa-
tie in de eerste 50 μπ» van de 
lesies vertraagde. Fluoride had 
geen significant effect op de 
remineralisatie in de diepere 
delen van de lesie. 
De vertragende invloed van 
fluoride op de in vitro remine­
ralisatie van gedemineraliseerd 
runderglazuur werd ook in in 
vitro remineralisatie-experi-
menten met glazuurplakjes (sand­
wiches) met onderhuidse lesies 
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gevonden (hoofdstuk 3). Onder 
deze omstandigheden trad de 
vertraging door fluoride in de 
hele lesie op. Het verschillende 
effect van fluoride, dat be-
schreven is in hoofdstuk 2 en 
3, wordt toegeschreven aan het 
feit dat de glazuurplakjes, die 
beschreven zijn in hoofdstuk 3, 
gedemineraliseerd zijn in aan-
wezigheid van fluoride. De 
glazuurblokjes, die beschreven 
zijn in hoofdstuk 2, zijn gede-
mineraliseerd in afwezigheid 
van fluoride. Als de reminerali-
satie aanvangt, is er geen 
fluoride in de oppervlakte-laag 
van de lesies in glazuurblokjes 
aanwezig. Het fluoride, dat 
aanwezig is in de remineralisa-
tie-oplossing, zal een sterke 
interactie aangaan met het mine-
raal in dit deel van de lesie. 
Dit vertraagt in hoge mate de 
penetratie van fluoride in de 
diepere delen van de lesie. 
Daarom zal deze interactie 
hoofdzakelijk beperkt blijven 
tot de oppervlakte-laag van de 
lesie in glazuurblokjes. 
Hoofdstuk 4 beschrijft de 
invloed van twee componenten van 
speeksel en plak op de reminera-
lisatie van onderhuidse lesies 
in glazuur sandwiches bij pH 6.8, 
namelijk fluoride en carbonaat. 
Bij lage fluoride niveaus (0.03 
ppm) had carbonaat (1-25 mM) een 
vertragende invloed op de remi-
neralisatie (Zie ook figuur 
9.1) . In afwezigheid van carbo-
naat en bij lage (1 mM) en mid-
delmatige (10 mM) carbonaat 
niveaus hadden hoge fluoride 
niveaus (1.0 ppm) een vertragen-
de invloed op de remineralisa-
tie. Bij hoge fluoride (1.0 ppm) 
en hoge carbonaat (20 en 25 mM) 
niveaus werd een stimulatie van 
de remineralisatie waargenomen. 
Dit duidt op een wederzijdse 
invloed van fluoride en carbo-
naat op het remineralisatie-
proces. 
De hypothese is dat bij pH 
6.8 de initiële precursor van 
mineraal octacalcium fosfaat 
(OCP) is. OCP kan getransfor-
meerd worden in hydroxyapatiet, 
gefluorideerd ((F) ОНА) of niet 
(ОНА) . Fluoride kan deze trans­
formatie versnellen. Bij grote 
hoeveelheden fluoride wordt het 
OCP-traject van precipitatie 
omzeild ten gunste van een 
directe precipitatie van F-apa-
tieten. Aangezien fluoride door 
de precipitatie van (F) ОНА weg­
gevangen wordt, daalt de fluori­
deconcentratie in de diepere 
delen van de lesie. Hierdoor 
worden de lokale condities in 
de poriën van de diepere delen 
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van de lesie gunstiger voor een 
intermediare OCP-vorming, welke 
echter door de ter plaatse aan-
wezige middelmatige fluoride 
niveaus vertraagd wordt. Het 
gevormde OCP wordt volgens de 
normale weg, door transformatie 
in fluoride bevattend hydroxy-
apatiet ((F)OHA) omgezet. Deze 
processen samen resulteren in 
de gevonden netto lagere remine-
ralisatie in aanwezigheid van 
hoge fluoride concentraties (1 
ppm) in vergelijking met lage 
concentraties (0.03 ppm). 
Carbonaat kan de reminerali-
satie vertragen door de vorming 
van de mineraal precursor te 
beïnvloeden en/óf door een 
effect op de centra van secun-
daire crystalgroei. Bij hoge 
carbonaat (20 en 25 mM) en hoge 
fluoride (1.0 ppm) niveaus zou 
er een snelle precipitatie van 
mineraal kunnen plaatsvinden. 
Waarschijnlijk is dit franco-
liet, in analogie met de vorming 
van gecarbonateerde apatieten 
in in vitro systemen. Bij 25 mM 
carbonaat gaat de precipitatie 
van francoliet waarschijnlijk 
gepaard met de precipitatie van 
andere gecarbonateerde componen-
ten, zoals calciet, waarvan 
bekend is dat ze ook in aanwe-
zigheid van fluoride precipi-
teren. Op deze manier kan de 
gevonden wederzijdse invloed van 
fluoride en carbonaat op het re-
mineralisatie proces verklaard 
worden. 
Hoofdstuk 5 beschrijft de 
zuurbestendigheid van mineraal, 
dat geprecipiteerd is bij pH 6.8 
in aanwezigheid van fluoride en 
carbonaat (hoofdstuk 4; Zie ook 
figuur 9.1). Er werd gevonden 
dat fluoride, dat tijdens de 
remineralisatie-periode inge-
bouwd was, de lesie-vorming 
tijdens de demineralisatie na 
remineralisatie vertraagde. Deze 
invloed zou het resultaat kunnen 
zijn van het feit dat het mine-
raal, dat afgezet is, fluorapa-
tiet (FAP) bevat, dat minder 
oplosbaar is dan ОНА onder de 
gebruikte demineralisatie-om-
standigheden. FAP zou aanwezig 
kunnen zijn als een direct 
resultaat van de voorafgaande 
remineralisatie, of als gevolg 
van transformatie-reacties, die 
tijdens de demineralisatie na 
de voorafgaande remineralisatie 
optreden. 
Carbonaat, dat tijdens de 
remineralisatie periode inge­
bouwd werd, vergemakkelijkte 
de demineralisatie na reminera­
lisatie. Uit vroegere studies 
in de literatuur is af te lei­
den dat dit veroorzaakt wordt 
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door effecten op de eigenschap-
pen van de kristallieten: een 
reductie in grootte, een veran-
dering in morfologie, een 
toename in spanning en zwakkere 
chemische bindingen. Echter 
onder de omstandigheden waarbij 
francolietvorming tijdens de 
remineralisatie te verwachten 
is (hoge fluoride- en hoge 
carbonaatconcentraties; Zie 
hoofdstuk 4) , werd gevonden dat 
het geprecipiteerde mineraal 
minder snel oploste tijdens de 
daaropvolgende demineralisatie. 
Hieruit zou men op het eerste 
gezicht kunnen afleiden dat het 
francoliet bevattende mineraal 
dus een hoge zuurbestendigheid 
bezit. Dit laatste hoeft echter 
niet noodzakelijk het geval te 
zijn, omdat het francoliet ook 
eerst opgelost geweest kan zijn, 
direct gevolgd door een lokale 
précipitâtie van FAP. Het bij 
hoge fluoride- en hoge carbo-
naatconcentraties geprecipiteer-
de mineraal, dat francoliet en 
tevens calciet bevat, is minder 
zuurbestendig. De oorzaak hier-
voor is dat er waarschijnlijk 
minder precipitatie van FAP 
optreedt. Een en ander verklaart 
waarom het effect van fluoride 
afhangt van de carbonaatcon-
centratie, en omgekeerd. 
Hoofdstuk б beschrijft de 
remineralisatie van onderhuidse 
lesies in glazuursandwiches bij 
pH 5.5 en 6.8 in aanwezigheid 
van fluoride (Zie ook figuur 
9.2) . Bij lage fluoride niveaus 
(0.03 ppm) trad er meer remine­
ralisatie op bij pH 6.8 dan bij 
pH 5.5. De hypothese is dat er 
bij pH 5.5 precipitatie van 
dicalcium phosphaat dihydraat 
(DCPD) optreedt en dat deze weg 
een minder snelle weg is dan de 
OCP-weg bij pH 6.8. Bij middel­
matige (0.3 ppm) en hoge (1.0 
ppm) fluoride niveaus werden er 
echter geen significante ver­
schillen meer tussen de twee 
pH's waargenomen. Dit komt door­
dat het effect van fluoride 
verschillend is bij verschillen­
de pH. Bij pH 6.8 resulteerden 
toenemende hoeveelheden fluoride 
in de remineralisatie-oplossing 
in dalende remineralisatie-
snelheden. De hoofdreden voor 
dit fenomeen werd reeds in 
hoofdstuk 4 uitgelegd. Bij pH 
5.5 werd een trend met een 
maximum in remineralisatie-
snelheid bij 0.3 ppm fluoride 
waargenomen. DCPD, dat bij pH 
5.5 geprecipiteerd is, is in 
staat met fluoride te reageren, 
wat in (F)OHA resulteert. Bij 
middelmatige fluoride niveaus 
(0.3 ppm) wordt de vorming van 
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DCPD en (F) ОНА uit DCPD gestimu­
leerd. Bij hoge fluoride ni­
veaus (1.0 ppm) wordt slechts 
de vorming van (F)ОНА gestimu­
leerd. De hoeveelheid DCPD in 
de geprecipiteerde fase neemt 
af. Om deze reden neemt het 
vermogen van het oppervlak om 
als een mal voor secundaire 
DCPD-precipitatie te fungeren 
af. Dit zal resulteren in een 
afname in remineralisatie-snel-
heid bij 1.0 ppm fluoride in 
vergelijking met reminerali-
satie bij 0.3 ppm fluoride. 
Hoofdstuk 7 beschrijft de 
zuurbestendigheid van mineraal, 
dat bij pH 5.5 óf bij pH 6.8 in 
aanwezigheid van 0.03, 0.3 of 
1.0 ppm fluoride geprecipiteerd 
is (hoofdstuk 6; Zie ook figuur 
9.2) . Bij beide pH's had fluori-
de, dat tijdens de voorafgaande 
remineralisatie-periode inge-
bouwd is, een vertragend effect 
op de lesievorming tijdens de 
demineralisatie na remineralisa-
tie. Ook de pH beïnvloedde de 
zuurbestendigheid van het gepre-
cipiteerde mineraal. Lesies, die 
geremineraliseerd waren bij pH 
5.5 en 0.3 of 1.0 ppm fluoride 
hadden een grotere zuurbesten-
digheid dan die welke bij pH 6.8 
en 0.3 of 1.0 ppm fluoride 
geremineraliseerd waren (inter-
actie tussen pH en fluoride). 
Dit is als volgt verklaard: het 
mineraal, dat bij pH 5.5 gepre-
cipiteerd is, bevat grotere 
hoeveelheden fluoride dan het 
mineraal, dat bij pH 6.8 gepre-
cipiteerd is. Er moet veronder-
steld worden dat de transforma-
tie van DCPD naar (F) ОНА een 
snel proces is, en sneller 
verloopt dan de reactie van OCP 
met fluoride. 
Het mineraal, dat bij pH 5.5 
en 0.03 ppm fluoride geprecipi­
teerd is (waarschijnlijk defect 
hydroxyapatiet (DOHA), dat ge­
vormd is uit DCPD), is wat 
minder zuurbestendig dan het 
mineraal, dat bij pH 6.8 en 0.03 
ppm fluoride geprecipiteerd is 
(waarschijnlijk een ander defect 
ОНА, dat uit OCP gevormd is) 
geprecipiteerd is. 
De bevindingen van de experi­
menten (hoofdstuk 2-7) werden 
met reacties, die in kristal­
groei- en oplosexperimenten 
waargenomen waren, verklaard. 
Het optreden van deze reacties 
in onze experimenten is hypothe­
tisch, aangezien met microradio-
grafie slechts de totale hoe­
veelheid mineraal en geen mine­
raalfasen waargenomen kunnen 
worden. Het werd aannemelijk 
gemaakt dat de bijdrage van 
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diffusieprocessen, die ook de 
re- en demineralisatie-snelheid 
beïnvloeden, in de huidige ex-
perimenten van minder belang 
zijn. 
De chemische condities, die 
in deze studie voor de remine-
ralisatie experimenten van 
hoofdstuk 4 en 6 gebruikt wer-
den, simuleerden de condities 
van de orale omgeving met 
betrekking tot: 
De oververzadiging van 
speeksel en plak aan ОНА en ver­
zadiging aan OCP en DCPD. 
- De pH-waarden: pH 6.8 ver­
tegenwoordigt de gemiddelde 
pH-waarde van speeksel en plak 
tijdens condities van rustend 
(= geen voedselconsumptie) 
speeksel. pH 5.5 vertegen­
woordigt de pH-waarde van 
speeksel en plak, die bereikt 
worden tijdens consumptie van 
bepaalde voedingsmiddelen. 
- De fluorideconcentratie: 
0.03 ppm fluoride vertegenwoor­
digt de gemiddelde concentratie 
in speeksel. 0.3 ppm fluoride 
vertegenwoordigt de gemiddelde 
concentratie van geïoniseerd 
fluoride in plak in gebieden met 
niet-gefluorideerddrinkwater. 
1.0 ppm fluoride vertegenwoor-
digt de gemiddelde concentratie 
van geïoniseerd fluoride in plak 
in gebieden met fluoridering van 
drinkwater. 
- De carbonaatconcentratie: 
Niet-gestimuleerd speeksel bevat 
minder dan 10 mM bicarbonaat. 
Gestimuleerd speeksel bevat 10 
mM bicarbonaat of meer. 
De chemische condities, die 
gebruikt werden om de zuurbe-
stendigheid van geprecipiteerd 
mineraal te bepalen (hoofdstuk 
5 en 7) , dienden om de orale 
demineralisatie condities zoveel 
mogelijk te simuleren (hoofdstuk 
1: figuur 1.2). 
Bij de in vivo de- en remine-
ralisatie zijn uiteraard veel 
meer factoren betrokken dan de 
hierboven genoemden.Toch lijken 
de resultaten van een belangrijk 
in vivo onderzoek goed aan te 
sluiten bij die uit de huidige 
studie. Pot en Groeneveld (Ned 
Tijdschr Τ 83: 464-471, 1976) 
vonden namelijk in een klinische 
studie dat het aantal gerepa­
reerde witte plekken in gebieden 
met fluoridering van drinkwater 
kleiner is dan het aantal in 
niet-gefluorideerde gebieden. 
Dit is in overeenstemming met 
de huidige studie voor zover het 
remineralisatie bij pH 6.8 en 
lage óf middelmatige carbonaat-
niveaus betreft. 
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Fig. 9.1. Schematische weergave van de hoeveelheid remineralisatie 
ла 610 uur (O) en de hoeveelheid demineralisatie na 70 uur demine-
ralisatie, die erop volgt (Δ). De remineralisatie werd gemeten 
bij pH 6.8 en 0.03 of 1.0 ppm fluoride. Bij beide fluoride niveaus 
werd 0, 1, 10, 20 of 25 mM carbonaat getest. De oplossingen waren 
net verzadigd aan DCPD en OCP. Hoe meer tekens binnen een blok, 
des te meer re- of demineralisatie is er opgetreden. De waarde 
van de remineralisatie-tekens is evenredig met de waarde van de 
demineralisatie-tekens. 
remin = de periode van remineralisatie. 
demin = de periode van demineralisatie na remineralisatie. 
remineralisatie en zuurbesten-
digheidsexperimenten van de hui­
dige studie worden samengevat 
in figuur 9.1 en 9.2. Uit deze 
figuren kan men concluderen dat 
de ideale samenstelling van 
speeksel en plak zal zijn: 
1) hoge fluoride en hoge 
carbonaat niveaus en verzadi­
ging aan OCP en DCPD. Dit gecom­
bineerd met een hoge pH (geen 
consumptie van fermenteerbare 
voedingsmiddelen). 
Of: 
2) middelmatige óf hoge fluo-
ride niveaus en verzadiging 
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Pig. 9.2. Schematische weergrave van de hoeveelheid remineralisatie 
na 610 uur (O) en de hoeveelheid demineralisatie na 70 uur demine­
ralisatie, die erop volgt (A) . De remineralisatie werd gemeten 
bij pH 5.5 of pH 6.8 en 0.03, 0.3 of 1.0 ppm fluoride. De oplossingen 
waren net verzadigd aan DCPD en OCP. Hoe meer tekens binnen een 
blok, des te meer re- of demineralisatie is er opgetreden. De waarde 
van de remineralisatie-tekens is evenredig met de waarde van de 
demineralisatie-tekens. 
remin = de periode van remineralisatie. 
demin = de periode van demineralisatie na remineralisatie. 
aan OCP en DCPD. Dit gecombi­
neerd met een iets zure pH van 
5-6 (consumptie van bepaalde 
voedingsmiddelen). 
Deze conclusies kunnen ge­
bruikt worden om beter onder­
scheid te maken tussen gunstig 
gedrag en ongunstig gedrag ten 
aanzien van caries, dan tot nu 
toe mogelijk was. Dit kan ver­
duidelijkt worden in de volgende 
voorbeelden: 
- Men zegt dat het gebruik 
van kauwgom zonder fermenteerba­
re suikers en zoetstoffen posi­
tief is. Dit is waar voor zover 
dit het tandoppervlak van plak 
reinigt. Maar hoewel gedurende 
kauwen de speekselvloed gestimu­
leerd wordt, wat gepaard gaat 
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met een toename in carbonaat 
niveaus, is het laatste aspect 
alleen positief als er gelijk­
tijdig genoeg fluoride aanwezig 
is. 
- Men zegt dat men geen zoete 
snacks tussen de maaltijden door 
zou moeten nuttigen met de 
bedoeling het aantal zuuraan-
vallen op de tanden te beperken. 
Sommige mensen kunnen echter 
zulk een strenge regel niet 
handhaven. In zo'η geval is het 
gunstig om snacks en dranken 
zoals kaas of melk te nuttigen. 
Tijdens de consumptie van deze 
Produkten heeft de plak een pH 
tussen de 5 en 6. Er is dan 
remineralisatie mogelijk (figuur 
9.1 en 9.2). De consumptie van 
dergelijke snacks en dranken 
zou nog gunstiger zijn wanneer 
er gelijktijdig genoeg fluoride 
aanwezig is. 
- Men zegt dat het gebruik 
van gefluorideerde tandpasta's 
en fluoride tabletten, alsook 
het gebruik van gefluorideerd 
water gunstig is. Afgezien van 
het feit dat er fluorosis, tand-
mottling en andere neveneffecten 
kunnen optreden tijdens het ge­
bruik van te veel fluoride, 
geeft de huidige studie een 
aanvullend argument om de hoe­
veelheid fluoride in gecombi­
neerde behandelingen te reduce­
ren: te hoge fluoride niveaus 
zullen de snelheid van in vivo 
remineralisatie van carieuze 
lesies te veel reduceren. 
De lezer wordt uitgenodigd meer 
van dergelijke praktische vragen 
m.b.v. de resultaten van de 
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